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Abstract
The vacuum of QCD is characterized by the Higgs mechanism.
Color is “spontaneously broken” by a quark-antiquark condensate in
the octet representation. The massive gluons carry integer electric
charges and are identified with the vector mesons. The fermionic ex-
citations consist of the low mass baryon octet and a singlet. The
interactions between these particles and the light pseudoscalar octet
are largely determined by chiral symmetry and a nonlinear local sym-
metry. A consistent phenomenological picture of strong interactions
at long distances arises from a simple effective action.
1e-mail: C.Wetterich@thphys.uni-heidelberg.de
1 Introduction
An understanding of the properties of the vacuum is a central goal in the
description of strong interactions by quantum chromodynamics (QCD). Re-
cently, it has been proposed that the local color symmetry is broken sponta-
neously by a dynamical quark-antiquark condensate [1][2]. The Higgs mech-
anism provides a mass for all gluons, thereby squeezing the gauge fields be-
tween color charges into flux tubes. The separation of two color charges
leads therefore to an increasing potential until the string breaks due to par-
ticle production. This results in a simple picture of confinement. The Higgs
mechanism also gives integer electric charge to all physical particles. Further-
more, the expectation value of the quark-antiquark color octet breaks the
global chiral symmetry. In consequence the fermions become massive and
the spectrum contains light pions and kaons as pseudo-Goldstone bosons.
In the limit of equal masses for the three light quarks the global vector-like
SU(3)-symmetry of the “eightfold way” remains unbroken and can be used
for a classification of the particle spectrum. The nine quarks transform as
an octet and a singlet. We identify the octet with the low mass baryons –
this is quark-baryon duality. Similarly, the eight gluons carry the quantum
numbers of the light vector mesons ρ,K∗ etc.. The identification of massive
gluons with the vector mesons is called gluon-meson duality.
Strictly speaking, local symmetries cannot be broken spontaneously in the
vacuum. This has led to the realisation that the confinement and the Higgs
description are not necessarily associated to mutually exclusive phases. They
may only be different facets of one and same physical state [3]. We stress
that this observation is not only of formal importance. For example, the
high temperature phase transition of electroweak interactions with a small
Higgs scalar mass ends for a larger scalar mass in a critical endpoint. Beyond
this endpoint the phase transition is replaced by an analytical crossover [4].
In this region – which is relevant for a realistic Higgs mass in the standard
model – a Higgs and a confinement description can be used simultaneously.
Our picture of the QCD vacuum ressembles in many aspects the “strongly
coupled electroweak theory” at high temperature2.
For strong interactions, the complementarity between the Higgs- and con-
finement description of the vacuum has been mainly discussed in toy models
with additional fundamental colored scalar fields[6]3. In contrast, our ap-
proach concentrates on standard QCD with the gauge coupling and the cur-
rent quark masses as the only free parameters. Similarly to chiral symmetry
breaking the relevant dynamical condensate is provided by a quark-antiquark
pair. The main difference to the usual treatment of chiral symmetry breaking
2Without a direct connection to the standard model the SU(2)-Yang-Mills theory with
stong gauge coupling and fundamental scalar has been first simulated on the lattice in [5].
3See also ref. [7] for early discussions of strong interactions with additional fundamental
colored scalar fields.
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is the assumption that both color singlet and octet composite fields acquire
a vacuum expectation value.
We propose that besides the effective running of the gauge coupling the
main ingredient of low-momentum QCD consists of effective scalar fields
representing quark-antiquark bound states. Once these composite operators
are treated on the same footing as the quark and gluon fields, the description
of propagators and vertices in terms of an effective action becomes again very
simple. The long-sought dual description of long-distance strong interactions
can be realized by the addition of fields for composites. This is very similar
to the asymptotically free nonlinear sigma model in two dimensions where
the addition of the composite “radial excitation” provides for a simple dual
description of the low momentum behavior [8]. We will call this particular
version of duality where a simple effective action for the low momentum
degrees of freedom can be achieved by the addition of fields for composite
operators by the German word4 “Vervollsta¨ndigung”.
Spontaneous breaking of color has also been proposed [9] for situations
with a very high baryon density, as perhaps in the interior of neutron stars. In
this proposal a condensation of diquark operators is responsible for color su-
perconductivity and spontaneous breaking of baryon number. In particular,
the suggestion of color-flavor locking [10] offers analogies to our description
of the vacuum, even though different physical situations are described (va-
cuum vs. high density state) and the pattern of spontaneous color-symmetry
breaking is distinct (quark-antiquark vs. quark-quark condensate; conserved
vs. broken baryon number). This analogy may be an important key for the
understanding of possible phase transitions to a high density phase of QCD.
After spontaneous color symmetry breaking by an octet quark-antiquark
condensate all quantum numbers of the excitations above the vacuum match
with the observed spectrum of low mass particles. (These quantum num-
bers include baryon number, strangeness, isospin and spin as well as parity
and C-parity.) We have therefore little doubt that such a description of the
QCD vacuum is, in principle, possible. In the present paper we investigate
the more specific hypothesis of “scalar Vervollsta¨ndigung”. This hypothesis
states that the effective action becomes simple once one adds to the quark and
gluon fields the scalar fields with the quantum numbers of quark-antiquark
pairs. More precisely, we assume that in leading order only invariants with
mass dimension smaller or equal to four have to be included, where the scalar
fields are counted according to their canonical dimension. This “renormaliz-
able5 effective action” is assumed to be valid for low momenta. It exhibits a
number of new couplings which describe the scalar potential and the Yukawa
couplings between scalars and quarks. In principle, these couplings are cal-
culable in QCD as a function of the gauge coupling or ΛQCD. In this work we
4To be translated roughly by “completion”.
5Renormalizability is here no fundamental property since the validity of the effective
action needs not to cover a large range of momenta.
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make no attempt of such a computation. (See ref. [2] for first steps in this
direction.) We rather perform a phenomenological analysis treating the new
couplings as free parameters. We concentrate on the limit of equal current
quark masses. Besides the explicit chiral symmetry breaking by the current
quark mass seven effective couplings are relevant for our discussion. Four
of them appear only in the mass formulae for the light baryon octet and
singlet and the η′-meson. The masses and interactions (including interac-
tions with baryons) of the pseudoscalar and vector mesons carrying isospin
or strangeness are governed by only three effective parameters: the expec-
tation values of the scalar octet (χ0) and singlet (σ0)and the effective gauge
coupling (g). We fix χ0, σ0 and g by the observed values of the vector meson
mass, the pseudoscalar decay constant and the electromagnetic decays of the
vector mesons. “Predictions” for other quantities in this sector like the de-
cay width for ρ→ 2π involve then no further free parameters. We will argue
that the hypothesis of scalar Vervollsta¨ndigung gives indeed a satisfactory
description for long-distance strong interactions in leading order.
In sect. 2 we describe our setting in more detail and specify the transfor-
mation properties of the fields under the various symmetry transformations.
In particular, the emergence of an integer electric charge for the excitations
above the vacuum (physical particles) is discussed in sect. 3. Sect. 4 intro-
duces a nonlinear description for the fields corresponding to physical parti-
cles. This makes the complementarity between the “Higgs picture” and the
“confinement picture” manifest. In the nonlinear description the local color
symmetry remains unbroken and all physical particles transform as color sin-
glets. The remnant of the color symmetry for the interactions of the physical
particles is a nonlinear local reparametrization symmetry. This is investi-
gated in sect. 5. After a gauge fixing consistent with a simple realization of
parity we arrive at the effective action for the nonlinear “physcial fields”. In
sect. 6 we turn to the issue of baryon number B. We address the puzzle how
quarks with B = 1/3 and baryons with B = 1 can be described by the same
field. In the Higgs language this issue is obscured by the fact that the gauge
fixing is not compatible with the global transformation associated to B. A
careful treatment reveals that baryons carry indeed three times the baryon
number of quarks.
In sect. 7 we turn to the electromagnetic interactions for the nonlinear
physical fields. They are largely governed by the nonlinear local reparametriza-
tion symmetry. We recover the well established concept of vector dominance
as well as successful relations between hadronic and electromagnetic decays of
the ρ-meson. Some shortcomings of the scalar Vervollsta¨ndigung concerning
the physics of the vector mesons are listed in sect. 8. Here we also propose
an extension to “scalar-vector Vervollsta¨ndigung” by adding fields for quark-
antiquark bilinears in the vector and axial-vector channels. This completes
the spectrum of light mesons by the ninth vector meson (the SU(3)-singlet)
and the axial-vector mesons. In sect. 9 we discuss the effective interactions
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between the pseudoscalar mesons which follow from the hypothesis of scalar
Vervollsta¨ndigung. Their generic form is determined by chiral symmetry
and we compute some of the effective couplings Li which appear in next-to-
leading order in chiral perturbation theory. The agreement with observation
is very satisfactory. The weak interactions are introduced in sect. 10. There
we show that the ∆I = 1/2 rule for the hadronic kaon decays arises natu-
rally in our setting. In sect. 11 our discussion is extended to diquark fields
which presumably play an important role for QCD in a medium with high
baryon density. This opens new perspectives on the qualitative features of
the QCD-phase diagram for large temperature and chemical potential. The
short sect. 12 sketches the inclusion of the heavy quarks charm, beauty and
top in our approach. We finally present a summary and conclusions in sect.
13.
2 Quark-antiquark condensates
a) Effective action
In this section we describe the effective action for long-distance strong
interactions according to the hypothesis of scalar Vervollsta¨ndigung. By de-
finition the effective action generates the one-particle-irreducible (1PI) corre-
lation functions and includes all quantum fluctuations. It therefore contains
the direct information about the propagators and proper vertices.
In addition to the quark and gluon fields we consider scalar fields with
the transformation properties of quark-antiquark pairs. With respect to
the color and chiral flavor rotations SU(3)C × SU(3)L × SU(3)R the three
light left-handed and right-handed quarks ψL, ψR transform as (3,3,1) and
(3,1,3), respectively. Quark-antiquark bilinears therefore contain a color sin-
glet Φ(1, 3¯, 3) and a color octet χ(8, 3¯, 3)
γij = χij +
1√
3
φ δij ,
φ =
1√
3
γii , χii = 0 (2.1)
Here we use a matrix notation for the flavor indices and write the color indices
i, j explicitly, e.g. χij,ab ≡ χij , φab ≡ φ. Then γij contains 81 complex scalar
fields. Similarly, the quark fields are represented as three flavor vectors ψai ≡
ψi, ψ¯ia ≡ ψ¯i. The infinitesimal SU(3)C × SU(3)L × SU(3)R transformations
are given by
(δψL)i = iψL,j(Θ
T
C)ji + iΘLψL,i
(δψR)i = iψR,j(Θ
T
C)ji + iΘRψR,i (2.2)
with
(ΘC)ij =
1
2
θzC(x)(λz)ij , ΘL,R =
1
2
θzL,Rλz (2.3)
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Here λz are the eight Gell-Mann matrices normalized according to Tr(λyλz) =
2δyz and ΘC is a scalar in flavor space. Correspondingly, the scalar fields φ
and γij transform as
δφ = iΘRφ− iφΘL,
δχij = iΘRχij − iχijΘL + i(ΘC)ikχkj − iχik(ΘC)kj (2.4)
As usual we represent the eight SU(3)C-gauge fields by
Aij,µ =
1
2
Azµ(λz)ij ,
(δA)ij,µ = i(ΘC)ikAkj,µ − iAik,µ(ΘC)kj + 1
g
∂µ(ΘC)ij (2.5)
We consider a very simple effective Lagrangian containing only terms with
dimension up to four6
L = iZψψ¯iγµ∂µψi + gZψψ¯iγµAij,µψj + 1
2
Gµνij Gji,µν
+Tr{(Dµγij)†Dµγij}+ U(γ)
+Zψψ¯i[(hφδij + h˜χij)
1 + γ5
2
− (hφ†δij + h˜χ†ji)
1− γ5
2
]ψj (2.6)
Here Gij,µν = ∂µAij,ν−∂νAij,µ−igAik,µAkj,ν+igAik,νAkj,µ and the interaction
between gluons and χ arise from the covariant derivative
Dµγij = ∂µγij − igAik,µγkj + igγikAkj,µ (2.7)
In our notation the transposition acts only on flavor indices, e.g. (γ†ij)ab =
γ∗ij,ba. The effective potential
U(γ) = U0(χ, φ)− 1
2
ν(det φ+ detφ†)− 1
2
ν ′(E(φ, χ) + E∗(φ, χ))
E(φ, χ) =
1
6
ǫa1a2a3ǫb1b2b3φa1b1χij,a2b2χji,a3b3 (2.8)
conserves axial U(1) symmetry except for the ’t Hooft terms [12] ∼ ν, ν ′. For
the purpose of this section the only information we need from U0 concerns
the expectation values σ0 and χ0 for the singlet and octet in the limit of
equal quark masses. The hypothesis of scalar Vervollsta¨ndigung states that
the leading behavior of low energy QCD can be directly extracted from the
propagators and vertices of the effective action (2.6).
Finally, explicit chiral symmetry breaking is induced by a linear term [13]
Lj = −1
2
Z
−1/2
φ Tr (j
†φ+ φ†j)
j = j† = aqm¯ = aq diag(m¯u, m¯d, m¯s) (2.9)
6Four our conventions for fermions see [11].
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with m¯q the current quark masses normalized at some appropriate scale, say
µ = 2 GeV. We note that the quark wave function renormalization Zψ can
be absorbed by a rescaling of ψ. We keep it here in order to discuss later
a possible simple bridge between our picture and the nonrelativistic quark
model.
Besides the explicit chiral symmetry breaking in (2.9) the model contains
the seven real parameters g, h, h˜, σ0, χ0, ν and ν
′. In fact, the effective action
(2.6) is the most general7 one which contains only “renormalizable” interac-
tions and is consistent with SU(3)C × SU(3)L × SU(3)R symmetry, as well
as with the discrete transformations parity and charge conjugation (c is the
charge conjugation matrix)
P : ψL → −ψR , ψR → ψL , Aij,µ → Aij,µ,
φ→ φ† , χij,ab → χ∗ji,ba
C : ψL → cψ¯R , ψR → −cψ¯L , Aij,µ → −Aji,µ,
φ→ φT , χij,ab → χji,ba (2.10)
We will show that the masses and interactions of the lightest octets of baryons
as well as pseudoscalar and vector mesons are well described by the effective
action (2.6), (2.9). A few shortcomings in the vector meson sector and a
sketch of a possible extension are discussed in sect. 8.
Actually, there is no reason why only interactions between scalar and
pseudoscalar quark-antiquark bilinears should be present as in (2.6). Effec-
tive four-quark interactions (1PI) in the vector or axial-vector channel are
certainly induced by fluctuations, and we will discuss them in appendix A.
There is also no need that the effective action has to be of the “renormal-
izable form” (2.6). In fact, we have at present no strong argument why
higher-order operators have to be small. In the spirit that a useful dual de-
scription should not be too complicated, we simply investigate in this paper
to what extent the hypothesis of scalar Vervollsta¨ndigung (2.6) is compatible
with observation. If successful, the neglected subleading terms may be con-
sidered later for increased quantitative accuracy. Furthermore, we know that
QCD contains higher resonances like the ∆ or the axial-vector mesons. They
are not described by the effective action (2.6). One may include them by the
introduction of additional fields for bound states (see appendix A). This is,
however, not the purpose of the present paper. We only mention here that
“integrating out” the missing resonances with lowest mass presumably gives
the leading contribution to the neglected higher-order operators. Those will
typically contain “nonlocal behavior” in the momentum range characteristic
for the resonances.
7The only exception is the omission of a possible U(1)A-violating term cubic in χ
which is not present in the ’t Hooft interaction [12] and also not generated by one-loop
fluctuations.
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b) Connection to perturbative QCD
In a renormalization group framework the parameters appearing in (2.6)
can be considered as running coupling constants. For instance, we may as-
sociate Γk =
∫
d4xL with the effective average action [14] which exhibits an
infrared cutoff k. Then only quantum fluctuations with momenta larger than
k are included. The vacuum properties and the physical particle spectrum
should be extracted for k = 0. For short-distance scattering processes, how-
ever, one may account for the momentum dependence of the vertices by using
for k an appropriate momentum scale. Our description should coincide with
perturbative QCD for large enough k.
Let us look first at the range of validity of perturbative QCD. For large k
(say k >∼ 2 GeV) we expand U0 = m2φ Tr φ
†φ+m2χ Tr χ
†
ijχij + ... and assume
that both m2φ and m
2
χ are large and positive. Then the additional scalar
excitations will effectively decouple. They can be eliminated by solving the
scalar field equations in terms of ψ, ψ¯ and A and reinserting this solution into
the effective action. For ψ = ψ¯ = 0, Aµ = 0 the expectation value < χ >
vanishes. On the other hand one finds < φ >= 1
2
m−2φ Z
−1/2
Φ j and therefore
effective quark masses
m¯q =
1
2
hm−2Φ Z
−1/2
Φ jq. (2.11)
This is the only relevant coupling induced by the additional degrees of free-
dom and exactly what is needed for perturbative QCD! We have explicitly
checked that in leading order the running of the quark masses only arises
from gluon diagrams. (The sources j are constant and the effects of the run-
ning scalar wave function renormalization ZΦ drop out.) Comparing with
(2.9) we find for k = µ = 2 GeV the relation
aq(µ) = 2m
2
φ(µ)Z
1/2
φ (µ)h
−1(µ) (2.12)
For Aµ = 0 the exchange of φ and χ produces a correction ∆L
∆L = h2
(
ψ¯ia
(
1− γ5
2
)
ψbi
)
(m2φ − ∂µ∂µ)−1
(
ψ¯jb
1 + γ5
2
ψaj
)
+h˜2
{(
ψ¯aj
1− γ5
2
ψbi
)
(m2χ − ∂µ∂µ)−1
(
ψ¯bi
1 + γ5
2
ψaj
)
−1
3
(
ψ¯ia
1− γ5
2
ψbi
)
(m2χ − ∂µ∂µ)−1
(
ψ¯jb
1 + γ5
2
ψaj
)}
(2.13)
This corresponds to a one-particle irreducible effective four-quark interac-
tion which can be computed perturbatively by evaluating the relevant box
diagrams with two internal gluon and quark lines. One finds
h2(k)
m2φ(k)
=
23l43
144π2
g4(k)
k2
,
h˜(k)
m2χ(k)
=
13l43
384π2
g4(k)
k2
(2.14)
with l43 a constant of order one which depends on the precise choice of the
infrared cutoff k. We emphasize the composite character of the scalar fields
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which implies that the k-dependence of mφ2 or h is essentially determined
by the QCD-box diagrams if k is large. Since the source j is independent of
the renormalization scale µ, one infers from (2.9), (2.12) and (2.14) that the
k-dependence of Zφ obeys for the perturbative range
Z
1/2
φ (k)h(k) ∼
g4(k)
k2m¯q(k)
(2.15)
A small value of the scalar wave function renormalization Zφ for large k is
consistent with a composite scalar field.
¿From the exchange of χ we also obtain for Aµ 6= 0 higher-order gluon
interactions by expanding −Tr ln(m2χ−D2[A]) with D2 the covariant Lapla-
cian. All these corrections are nonrenormalizable interactions which are “ir-
relevant” by standard universality arguments. This means precisely that
they are computable within the range of validity of perturbation theory. In
fact, the scalar fields in Γk may be viewed as a shorthand for the presence of
these nonrenormalizable quark and gluon interactions in the effective action.
Due to the presence of quark fluctuations the mass terms m2Φ and m
2
χ
decrease as k is lowered. Perturbation theory typically breaks down once
m2Φ or m
2
χ are of the same size as k
2. Furthermore, the relative importance
of the anomaly terms increases. These cubic interactions tend to destabilize
the minimum of the potential at φ = χ = 0 (for j = 0). It is our central
postulate that in the nonperturbative region of small k the minimum of the
effective potential U is located at nonzero expectation values8 for both < φ >
and < χ > even for j = 0. A first dynamical analysis based on a mean field
approximation indeed suggests [2] that this postulate is reasonable.
c) Spontaneous symmetry breaking
For small enough and equal quark masses the usual color singlet chiral
quark condensate < q¯q > can be related to the expectaton value of φ
< φab >= σ0δab (2.16)
by saturating the expectation value of the explicit chiral symmetry breaking
term. From Lj = ∑q m¯q(µ) < q¯q > (µ) and (2.9), (2.11) one finds
< q¯q > (µ) = −Z−1/2φ (0)jqσ0m¯q(µ)−1 = −
2m2φ(µ)
h(µ)
(
Zφ(µ)
Zφ(0)
)1/2
σ0 (2.17)
The expectation value (2.16) breaks chiral symmetry. It preserves a vector-
like flavor symmetry SU(3)Vˆ with transformations given by θ
z
L = θ
z
R and
color symmetry.
8The SU(3)C color breaking by nonzero < χ > occurs only in a gauge-fixed version,
whereas an explicitly gauge-invariant formulation is used below.
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We suggest that the essential features of confinement are described by
nonzero < χ >. For equal quark masses we propose
< χij,ab >=
1√
24
χ0λ
z
jiλ
z
ab =
1√
6
χ0(δiaδjb − 1
3
δijδab) (2.18)
with real χ0 > 0. This expectation value is invariant under vectorlike
SU(3)V transformations by which identical left and right flavor rotations
and transposed color rotations are performed with opposite angles. More
explicitly, they are given by θzL = θ
z
R = ǫ
(z)θzC ≡ θzV with ǫ(z) = −1 for
z = 1, 3, 4, 6, 8 and ǫ(z) = 1 for z = 2, 5, 7. The SU(3)V -transformation prop-
erties of the various fields follow by inserting in eqs. (2.2), (2.4) and (2.5)
ΘL = ΘR = −(ΘC)T ≡ ΘV
δV ψai = i(ΘV )abψbi − iψaj(ΘV )ji
δVA
T
ij,µ = i(ΘV )ikA
T
kj,µ − iATik,µ(ΘV )kj
δVΦab = i(ΘV )acφcb − iΦac(ΘV )cb
δV χij,ab = i(ΘV )acχij,cb − iχij,ac(ΘV )cb
−i(ΘV )kiχkj,ab + iχik,ab(ΘV )jk (2.19)
The invariance of the expectation value δV < χij,ab >= 0 is easily checked.
With respect to the transposed color rotations the quarks behave as an-
titriplets. In consequence, under the combined transformation they trans-
form as an octet plus a singlet, with all quantum numbers identical to the
baryon octet/singlet. This is most obvious if we also use a matrix notation
for the fermions ψ ≡ ψai such that δV ψ = i[ΘV , ψ]. In particular, the electric
charges, as given by the generator Q = 1
2
λ3 +
1
2
√
3
λ8 of SU(3)V , are integer.
We therefore identify the quark field with the lowest baryon octet and singlet
– this is quark-baryon duality. Similarly, the gluons transform as an octet
of vector-mesons, again with the standard charges for the ρ,K∗ and ω/φ
mesons. We therefore describe these vector mesons by the gluon field – this
is gluon-meson duality.
Due to the Higgs mechanism all gluons acquire a mass. For equal quark
masses conserved SU(3)V symmetry implies that all masses are equal. They
should be identified with the average mass of the vector meson multiplet
M¯2ρ =
2
3
M2K∗ +
1
3
M2ρ = (850 MeV)
2. One finds
M¯ρ = gχ0 = 850 MeV (2.20)
The breaking of chiral symmetry by σ0 and χ0 also induces masses for the
baryon octet and singlet. For χ0 6= 0 the singlet mass is larger than the octet
mass (see below).
We note that gluon-meson duality is a necessary consequence of the Higgs
picture of QCD. It persists if additional vector-meson fields are introduced as
color singlet quark-antiquark composite fields. There will simply be a mixing
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between the “gluons” and the “composite vector fields” (see sect. 8). On the
other hand, quark baryon duality strongly depends on the proper assignment
of the baryon number. We will discuss this issue in detail in sect. 6.
3 Integer electric charges
In order to get familiar with the Higgs picture of QCD, it seems useful to
understand in more detail the consequences of spontaneous color symmetry
breaking for the electromagnetic interactions of hadrons. We start by adding
to the effective Lagrangian (2.6) a coupling to a U(1)-gauge field B˜µ by
making derivatives covariant
Dµψ = (∂µ − ie˜Q˜B˜µ)ψ
Dµγij = ∂µγij − ie˜[Q˜, γij]B˜µ − ... (3.1)
with Q˜ = 1
2
λ3 +
1
2
√
3
λ8 = diag(
2
3
,−1
3
,−1
3
) acting on the flavor indices. Fur-
thermore we supplement the Maxwell term
LB˜ =
1
4
B˜µνB˜µν , B˜µν = ∂µB˜ν − ∂νB˜µ (3.2)
Whereas the quarks carry fractional Q˜, the abelian charges of the scalars are
integer. In particular, the expectation value < φ > is neutral, [Q˜, < φ >] = 0,
whereas some components of < χij,ab > carry charge, namely for k = 2, 3
[Q˜, < χ1k,1k >] = < χ1k,1k >
[Q˜, < χk1,k1 >] = − < χk1,k1 > (3.3)
The expectation value (2.18) therefore also breaks the local U(1) symmetry
associated with Q˜. The abelian color charge (QC)ij =
1
2
(λ3)ij +
1
2
√
3
(λ8)ij of
these fields is, however, equal to Q˜. In consequence, a local abelian symmetry
with generator Q˜−QC remains unbroken
Q˜ac < χij,cb > − < χij,ac > Q˜cb − (QC)il < χlj,ab > + < χil,ab > (QC)lj = 0
(3.4)
The corresponding gauge field corresponds to the photon.
The situation encountered here is completely analogous to the Higgs
mechanism in electroweak symmetry breaking. The mixing between the hy-
percharge boson and the W3 boson in the electroweak theory appears here
as a mixing between B˜µ and a particular gluon field G˜µ which corresponds
to Aij,µ =
√
3
2
(QC)ijG˜µ. Let us restrict the discussion to the gauge bosons
B˜µ and G˜µ. Then the covariant derivative for fields with a fixed value of Q˜
and QC is given by
Dµ = ∂µ − ie˜B˜µQ˜− ig˜G˜µQC (3.5)
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with g˜ =
√
3
2
g. Due to the “charged” expectation values (3.3) a linear com-
bination of B˜µ and G˜µ gets massive, as can be seen from the quadratic
Lagrangian
L(2)em =
1
4
B˜µνB˜µν +
1
4
G˜µνG˜µν +
2
3
χ20(g˜G˜
µ + e˜B˜µ)(g˜G˜µ + e˜B˜µ) (3.6)
The massive neutral vector meson Rµ and the massless photon Bµ are related
to G˜µ and B˜µ by a mixing angle
Rµ = cos θemG˜µ + sin θemB˜µ
Bµ = cos θemB˜µ − sin θemG˜µ
tgθem =
e˜
g˜
(3.7)
and we note that the mass of the neutral vector meson is somewhat enhanced
by the mixing
MV0 = gχ0/ cos θem (3.8)
The mixing is, however, tiny for the large value α¯s = g
2/4π ≈ 3 that we will
find below. In terms of the mass eigenstates the covariant derivative (3.5)
reads now
Dµ = ∂µ − ieQBµ − ig˜ cos θem(QC + tg2θemQ˜)Rµ (3.9)
and we observe the universal electromagnetic coupling
e = e˜ cos θem (3.10)
of all particles with electric charge Q = Q˜ − QC . This coupling is exactly
the same for the colored quarks and the colorless leptons as it should be for
the neutrality of atoms. For an illustration we show the charges QC , Q˜ and
Q for the nine light quarks in table 1.
We note the difference between the coupling e˜ which would be computed
in a grand unified theory and the true electromagnetic coupling e. They are
related by
1
e˜2
=
1
e2
− 4
3g2
(3.11)
For g = 6 the relative correction is only of the order of 10−3.
4 Nonlinear meson interactions
The interactions of the light mesons are most easily described in an equiv-
alent gauge-invariant picture, using nonlinear fields9. For the “Goldstone
9On the level of the effective action the quantum fluctuations are already included.
Therefore Jacobians for nonlinear field transformations play no role. All “coordinate
choices” in the space of fields are equivalent.
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Q˜ Qc Q
u1 2/3 2/3 0 Σ
0,Λ0, S0
u2 2/3 −1/3 1 Σ+
u3 2/3 −1/3 1 p
d1 −1/3 2/3 -1 Σ−
d2 −1/3 −1/3 0 Σ0,Λ0, S0
d3 −1/3 −1/3 0 n
s1 −1/3 2/3 -1 Ξ−
s2 −1/3 −1/3 0 Ξ0
s3 −1/3 −1/3 0 Λ0, S0
Table 1: Abelian charges of quarks and association with baryons. The baryon
singlet is denoted by S0.
directions” we introduce unitary matrices WL,WR, v and define
ψL = Z
−1/2
ψ WLNLv , ψR = Z
−1/2
ψ WRNRv,
ψ¯L = Z
−1/2
ψ v
†N¯LW
†
L , ψ¯R = Z
−1/2
ψ v
†N¯RW
†
R
Aµ = −vTV Tµ v∗ −
i
g
∂µv
Tv∗ , U = WRW
†
L,
φ = WRSW
†
L , χij,ab = (WR)acv
T
ikXkl,cdv
∗
lj(W
†
L)db (4.1)
Here we have again extended the matrix notation to the color indices with the
quark/baryon nonet represented by a complex 3×3 matrix ψ ≡ ψai, ψ¯ ≡ ψ¯ia.
The decomposition of φ is such that S is a hermitean matrix. The restrictions
on X , which are necessary to avoid double counting, play no role in the
present work. Besides v all nonlinear fields are color singlets. The field v†
transforms as a color anti-triplet similar to a quark-quark pair or diquark.
In consequence, the baryons N ∼ ψv† transform as a color singlet. More
precisely, the SU(3)C × SU(3)L × SU(3)R transformations of the nonlinear
fields are given by
δWL = iΘLWL − iWLΘP , δWR = iΘRWR − iWRΘP ,
δv = iΘP v + ivΘ
T
C , δU = iΘRU − iUΘL
δNL = i[ΘP , NL] , δNR = i[ΘP , NR] , δVµ = i[ΘP , Vµ] +
1
g
∂µΘP ,
δS = i[ΘP , S] , (δX)ij,ab = i(ΘP )acXij,cb − iXij,ac(ΘP )cb
−i(ΘTP )ikXkj,ab + iXik,ab(ΘTP )kj (4.2)
We observe the appearance of a new local symmetry U(3)P = SU(3)P ×
U(1)P under which the nucleons N and the vector meson fields Vµ transform
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as octets and singlets
ΘP =
1
2
(θzP (x)λz + θ
0
P (x)λ0 , λ0 ≡
2√
6
. (4.3)
This symmetry acts only on the nonlinear fields whereas ψ,Aµ, φ and χ are
invariant. It reflects the possibility of local reparametrizations of the non-
linear fields. It will play the role of the hidden gauge symmetry underlying
vector dominance. Furthermore, there is an additional local abelian symme-
try U(1)N (not shown in eq. (4.2)
v → e−iα(x)v , N → eiα(x)N , Vµ → Vµ − 1
g
∂µα(x) (4.4)
and a global symmetry (with charge denoted by BV )
ψ → ei γ3ψ , WL,R → ei
γ
3WL,R (4.5)
For the present investigation we omit the scalar excitations except for
the “Goldstone directions” contained inWL,WR, v. We can therefore replace
Xkl,ab by the expectation value (2.18) and use < S >= σ0 such that
Φ = σ0U , χij,ab =
1√
6
χ0{(WRv)ai(v†W †L)jb −
1
3
Uabδij} (4.6)
In terms of the nonlinear field coordinates the Lagrangian (2.6) reads
L = Tr{iN¯γµ(∂µ + ivµ − iγ5aµ)N − gN¯γµNVµ}
+
1
2
Tr{V µνVµν}+ g2χ20 Tr {V˜ µV˜µ}+ (
2
9
ν ′χ20σ0 − νσ30) cos θ
+(hσ0 − h˜
3
√
6
χ0) Tr{N¯γ5N} + h˜√
6
Tr N¯γ5 Tr N
+(σ20 +
7
36
χ20) Tr {∂µU †∂µU}+
1
12
χ20 ∂
µθ ∂µθ
+χ20 Tr{v˜µv˜µ}+ 2gχ20 Tr{V˜ µv˜µ} (4.7)
with
vµ = − i
2
(W †L∂µWL +W
†
R∂µWR),
aµ =
i
2
(W †L∂µWL −W †R∂µWR) = −
i
2
W †R∂µUWL,
T r vµ = − i
2
∂µ(ln det WL + ln detWR),
T r aµ = − i
2
Tr U †∂µU = −1
2
∂µθ,
Vµν = ∂µVν − ∂νVµ − ig[Vµ, Vν] = ∂µV˜ν − ∂νV˜µ − ig[V˜µ, V˜ν],
V˜µ = Vµ − 1
3
Tr Vµ , v˜µ = vµ − 1
3
Tr vµ (4.8)
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As it should be, L does not depend on v and is therefore invariant under
SU(3)C transformations. For a check of local U(3)P invariance we note
δvµ = i[ΘP , vµ]− ∂µΘP , δaµ = i[ΘP , aµ] (4.9)
such that vµ transforms the same as −gVµ and vµ + gVµ transforms homo-
geneously. One observes that the mass term for V˜µ appears in the U(3)P -
invariant combination χ20 Tr{(v˜µ + gV˜ µ)(v˜µ + gV˜µ)}. The nonlinear field U
only appears in derivative terms except for the phase θ associated to the
η′-meson. We associate U in the standard way with the pseudoscalar octet
of Goldstone bosons Πz
U = exp(− i
3
θ) exp
(
i
Πzλz
f
)
= exp
(
− i
3
θ
)
U˜ (4.10)
where the decay constant f will be specified below.
¿From eq. (4.7) one can directly read the average mass of the baryon
octet and singlet10
M8 = hσ0− h˜
3
√
6
χ0 = 1.15 GeV , M1 = hσ0+
8
3
h˜√
6
χ0 = 1.6(1.8) GeV (4.11)
The singlet-octet mass splitting is proportional to the octet condensate χ0
M1 −M8 = 3√
6
h˜χ0 = 450(650) MeV (4.12)
With eq. (2.20) this determines the ratio
h˜
g
= 0.43(0.62) (4.13)
Similarly, one finds
hσ0 =
1
9
(8M8 +M1) = 1.2(1.22) GeV (4.14)
5 Local reparametrization symmetry
Before extracting the couplings between the physical mesons and the baryons
we have to understand the role of the local reparametrization transforma-
tions U(3)P = SU(3)P × U(1)P . First of all, we note that Tr vµ can be
eliminated by U(1)P -gauge transformations and is therefore a pure gauge
degree of freedom. Similarly, Tr Vµ = − ig∂µ ln det v is the gauge degree of
10The lowest state with the appropriate quantum numbers for the singlet is Λ(1600).
Since we expect a very broad decay width of the singlet this assignment is very uncertain
and we add in brackets a somewhat higher value.
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freedom corresponding to U(1)N transformations. This explains why Tr vµ
and Tr Vµ only appear in the term bilinear in the nucleon fields. The vector
fields V˜µ are the gauge bosons of SU(3)P . The nucleons transform as an
octet and a singlet under SU(3)P and the same holds for the bilinear aµ.
The fields contained in WL,WR are antitriplets and U is a singlet.
In a gauge-fixed version the vacuum corresponds to WL = WR = v =
1. The remaining global symmetry11 SU(3)V˜ is a linear combination of
SU(3)L, SU(3)R, SU(3)C and SU(3)P given by transformations obeying
ΘV˜ = ΘL = ΘR = −(ΘC)T = ΘV = ΘP (5.1)
With respect to SU(3)V˜ the nonlinear fields and bilinears WL,WR, v,
U,N, Vµ,
aµ, vµ transform all as octets or singlets. On the level of the nonlinear fields
the global SU(3)V˜ symmetry plays the same role as SU(3)V for the linear
fields. One may identify SU(3)V and SU(3)V˜ by specifying the SU(3)V -
transformations of the nonlinear fields by the choice ΘP = ΘV .
For a discussion of the mesons we have to eliminate the redundance of the
local U(3)P -transformations. We first argue that the appropriate choice of a
gauge fixing requires some care. As an example, one may explore the possible
gauge fixing WR = v = 1. Then U =W
†
L, vµ = −aµ = − i2U∂µU † = i2∂µUU †
would yield
7
36
Tr{∂µU †∂µU}+ 1
12
∂µθ ∂µθ + Tr{v˜µv˜µ} = 4
9
Tr{∂µU †∂µU} (5.2)
2Tr{V˜ µv˜µ} = −iT r{U∂µU †V µ} (5.3)
This is the language used12 in ref [1]. If one would associate the physical pions
with Πz, one would obtain for the decay constant f = 2
√
σ20 + 4χ
2
0/9. We
note, however, that in this language the vector bilinear vµ has a contribution
linear in the pion fields, vµ = −(1/2f)λz∂µΠz + ∂µθ/6 + .... The term (5.3)
leads therefore to a field mixing in quadratic oder ∼ ∂µΠzV zµ . We conclude
that the propagators for Πz and V zµ are not in standard diagonal form in
this gauge. The corresponding fields can therefore not be associated with
physical particles in this language. This point was overlooked in ref. [1].
On the other hand, the gauge choice
W †L = WR = ξ , v = 1 (5.4)
implies
U = ξ2 , vµ = − i
2
(ξ†∂µξ + ξ∂µξ†),
11The abelian part of the symmetry will be discussed in detail in sect. 6.
12The field Vµ in ref. [1] corresponds to −V Tµ in the present notation.
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aµ = − i
2
(ξ†∂µξ − ξ∂µξ†) = − i
2
ξ†∂µUξ†,
T rvµ = 0 , T rVµ = 0
φ = σ0U , ξij,ab =
1√
6
χ0(ξaiξjb − 1
3
Uabδij),
(Dµχ)ij,ab =
1√
6
χ0. (5.5)
[∂µ(ξaiξjb − 1
3
Uabδij) + ig((ξV˜µ)aiξjb − ξai(V˜µξ)jb)]
This gauge is singled out by the fact that vµ contains no term linear in Π
z
or θ
vµ = v˜µ = − i
2f 2
[Π, ∂µΠ] = − i
8f 2
[λy, λz]Π
y∂µΠ
z + ... (5.6)
where we have chosen the parametrization
ξ = ξ˜ exp
(
− i
6
θ
)
, detξ˜ = 1
ξ˜ = exp
(
i
2f
Πzλz
)
= exp
(
i
f
Π
)
(5.7)
As for any gauge where vµ contains no term linear in Π or θ, the term
∼ Trv˜µV˜µ contains only interactions and does not affect the propagators.
We can therefore associate Πz with the physical pions. Also the term Trv˜µv˜µ
involves at least four meson fields and is irrelevant for the propagator of the
pseudoscalar mesons.
The bilinear aµ reads in the gauge (5.4)
aµ =
1
2f
λz∂µΠ
z − 1
6
∂µθ +O(Π
3, ..) (5.8)
The effective action (4.7) contains therefore a cubic coupling between two
baryons and a pion. As it should be for pseudo-Goldstone bosons, this is a
derivative coupling. Actually, the advantage of the gauge (5.4) can also be
understood from the point of view of the discrete symmetries P and C. A
simple realisation of the discrete transformations on the level of nonlinear
fields is13
P : NL → −NR, NR → NL,
WL →WR, WR → WL, v → v, U → U † , ξ → ξ†
vµ → vµ, aµ → −aµ, Vµ → Vµ
C : NL → cN¯TR , NR → −cN¯TL ,
WL →W ∗R, WR → W ∗L, v → v∗, U → UT , ξ → ξT
vµ → −vTµ , aµ → aTµ , Vµ → −V Tµ (5.9)
13Note that in our matrix notation C acts as ψL → cψ¯TR, ψR → −cψ¯TL .
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The gauge condition (5.4) can also be written as WLWR = WRWL = 1
and is manifestly invariant under P and C. The coupling TrN¯γµγ5aµN
is a standard coupling of baryons to the axial vector current. In contrast,
the gauge WR = 1 is not compatible with the transformation (5.9). (For
this gauge there exists an alternative realization of P and C on the level of
nonlinear fields. Under these modified P and C transformations aµ and vµ
do not transform, however, as axial vectors and vectors, respectively. This
can be seen from the identification vµ = −aµ in this gauge.) Having found an
appropriate gauge fixing for the reparametrization symmetry, we may now
directly proceed to the analysis of the physical content of the effective action
(4.7).
The kinetic term for the pseudoscalar mesons can be inferred from
L(P )kin = (σ20 +
7
36
χ20) Tr{∂µU †∂µU} +
1
12
χ20 ∂
µθ ∂µθ
=
2
f 2
(σ20 +
7
36
χ20) ∂
µΠz∂µΠz +
1
3
(σ20 +
4
9
χ20)∂
µθ∂µθ (5.10)
Its standard normalization fixes a combination of σ0 and χ0 in terms of the
pseudoscalar decay constant f which corresponds to an average in the octet
[15] f = 2
3
fK +
1
3
fpi = 106 MeV. For an optimal quantitative estimate of the
expectation values σ0, χ0 the partial Higgs effect should be included. As we
show in appendix A, the mixing between the pseudoscalars contained in U (∼
iψ¯ψ) and those in the divergence of the axial-vector current (∼ ∂µ(ψ¯γµγ5ψ))
introduces an additional negative contribution (partial Higgs effects)
∆L(P )kin = −
∆2f
4
Tr{∂µU˜ †∂µU˜} −∆2θ∂µθ∂µθ (5.11)
One infers a standard renormalization of the kinetic term for
f 2 = 4σ20 +
7
9
χ20 −∆2f = κ2f(4σ20 +
7
9
χ2) (5.12)
with
κf = (1−
∆2f
4
(σ20 +
7
36
χ20)
−1)1/2 = (1 +
∆2f
f 2
)−1/2 ≤ 1 (5.13)
The deviation of κf from one is one of the most important effects of effective
interactions not included in eq. (2.6). The effective interactions responsible
for ∆2f also induce SU(3)-violating contributions to the pseudoscalar wave
function renormalizations related to the strange quark mass14. This has led
to a phenomenological estimate [15]
∆2f ≈ 0.45f 2, κf ≈ 0.83 (5.14)
14In the notation of ref. [15] one has ∆2f/f
2 = −X−φ σ¯20Z−1m .
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The pseudoscalar decay constants provide now for a quantitative estimate of
the expectation values σ0 and χ0
f0 = 2
√
σ20 +
7
36
χ20 = f/κf = (
2
3
fK +
1
3
fpi)/κf = 128 MeV (5.15)
In the approximation (2.6) of scalar Vervollsta¨ndigung one should use the
leading order relation f = f0, keeping in mind that nonleading effects lower
f to its physical value.
We may also use this relation for a first estimate of the effective gauge
coupling g. Let us denote the relative size of the octet and singlet contribu-
tions to the squared meson decay constant by
x =
7
36
χ20
σ20
, σ0 =
f0
2
√
1 + x
(5.16)
The combination of the relations (2.20) and (5.15) yields a bound for the
effective gauge coupling g. From
g =
√
7
3
(
1 + x
x
)1/2 M¯ρ
f0
= 5.9
(
1 + x
x
)1/2
(5.17)
one infers g > 5.9. If the octet condensate dominates (large x) the effective
gauge coupling is g ≈ 6.
The last field which needs a proper normalization is the η′-meson. In-
cluding the partial Higgs effect (5.11), the kinetic term for the pseudoscalar
singlet has the standard normalization for
η′ =
(
2
3
(σ20 +
4
9
χ20)− 2∆2θ
)1/2
θ
=
√
2
3
(σ20 +
4
9
χ20)
1/2κθθ (5.18)
(In the leading approximation (2.6) one should, of course, use κθ = 1.) In-
serting (5.18) into (4.7) and expanding cos θ in second order in θ one finds
the mass of the η′-meson
M2η′ =
(
3
2
νσ20 −
1
3
ν ′χ20
)
(σ20 +
4
9
χ20)
−1κ−2θ σ0 =
3f0
4κ2θ
√
1 + x
(7ν − 8xν ′)
(7 + 16x)
.
(5.19)
Its interactions can be extracted by inserting
θ =
√
6
κθf0
(
1 + x
1 + 16
7
x
)1/2
η′ =
1
Hη′
η′ (5.20)
In the gauge (5.4) the nonlinear Lagrangian (4.7) can now be written in
terms of the normalized physical fields N, V˜µ,Π and η
′ as
L = LN + LU + LV (5.21)
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with
LN = i Tr{N¯8γµ(∂µ − iγ5a˜µ + i
6Hη′
γ5∂µη
′)N8}+M8Tr{N¯8γ5N8}
+iN¯1γ
µ(∂µ +
i
6Hη′
γ5∂µη
′)N1 +M1N¯1γ5N1
+
1√
3
Tr{N¯8γµγ5a˜µ}N1 + 1√
3
N¯1γ
µγ5 Tr{a˜µN8} (5.22)
Here we use the octet and singlet fields
N1 =
1√
3
N, N8 = N − 1
3
TrN = N − 1√
3
N1 , T rN8 = 0,
a˜µ = aµ − 1
3
Tr aµ =
1
2f
λz∂µΠ
z +O(Π3) , Tr a˜µ = 0
aµ = a˜µ − 1
6
∂µθ = a˜µ − 1
6Hη′
η′ (5.23)
For the mesonic part one has
LU = f
2
4
Tr{∂µU˜ †∂µU˜}+ 1
2
∂µη′∂µη′ −M2η′H2η′ cos(η′/Hη′) (5.24)
with
U˜ = ξ˜2 = exp
(
i
Πzλz
f
)
, det U˜ = 1 (5.25)
and
LV = 1
2
Tr{V˜ µνV˜µν}+ M¯2ρ Tr{V˜ µV˜µ}+
2
g
M¯2ρTr{V˜ µv˜µ}+
1
g2
M¯2ρTr{v˜µv˜µ}
−g Tr{N¯8γµN8V˜µ} − g√
3
(Tr{N¯8V˜µ}γµN1 + N¯1γµTr{V˜µN8})
−Tr{N¯8γµv˜µN8} − 1√
3
(Tr{N¯8v˜µ}γµN1 + N¯1γµTr{v˜µN8}) (5.26)
In the effective action (5.21) we have replaced the free parameters byM8,M1,
M¯ρ,Mη′ , f and g. We note that the number of parameters is reduced to six
since only one particular combination of ν and ν ′ appears in Mη′ . We recall
that we know the order of magnitude of g by eq. (5.17), which relates also
g to x. The proportionality constant Hη′ appearing in the couplings of η
′ is
then known by eq. (5.20). The interactions between physical baryons and
mesons can be extracted by inserting the explicit representations
Π =
1
2
Πzλz =
1
2


π0 + 1√
3
η ,
√
2π+ ,
√
2K+√
2π− , −π0 + 1√
3
η
√
2K0√
2K− ,
√
2K¯0 , − 2√
3
η


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V˜µ =
1
2
V˜ zµ λz =
1
2


ρ0µ +
1√
3
V 8µ ,
√
2ρ+µ ,
√
2K∗+µ√
2ρ−µ , −ρ0µ + 1√3V 8µ
√
2K∗0µ√
2K∗−µ ,
√
2K¯∗0µ , − 2√3V 8µ


N8 =


1√
2
Σ0 + 1√
6
Λ0 , Σ+ , p
Σ− , − 1√
2
Σ0 + 1√
6
Λ0 , n
Ξ− , Ξ0 , − 2√
6
Λ0


N¯8 =


1√
2
Σ¯0 + 1√
6
Λ¯0 . Σ¯− , Ξ¯−
Σ¯+ , − 1√
2
Σ¯0 + 1√
6
Λ¯0 , Ξ¯0
p¯ , n¯ , − 2√
6
Λ¯0

 (5.27)
It is obvious that the effective action (5.21) predicts a multitude of different
interactions between the low mass hadrons. The electromagnetic interactions
are incorporated by covariant derivatives. We will discuss a few of these
interactions in sects. 7-9 in order to check the validity of the hypothesis of
scalar Vervollsta¨ndigung.
Finally, the addition of the explicit chiral symmetry breaking by the cur-
rent quark masses (2.9)
Lj = −1
2
Z
−1/2
φ aqσ0 Tr{m¯(U + U †)} (5.28)
leads to mass terms for the pseudoscalars [16] and contributes to their inter-
actions.
6 Baryon number
The correct assignment of the baryon number B is the central question for
quark-baryon duality. Quarks carry B = 1/3, whereas baryons have B = 1.
How can this be reconciled with a dual picture where one field describes
quarks as well as baryons in the appropriate momentum ranges? In princi-
ple, gluon-meson duality (or the Higgs picture of QCD) is consistent with
two alternatives. In the first scenario the nonlinear fermion fields N could
transform as octets with integer charge and B = 1/3. In this case separate
baryon fields would be needed, with all quantum numbers identical to the
quark fields except for the baryon number. As in the nonrelativistic quark
model or the parton model a baryon field may then be thought of as the
composite of three quark fields. An important puzzle would remain, how-
ever, in this scenario: Why should the color singlet integer charged fermion
octet field N not be associated to physical particles? We will argue here
in favor of the second alternative, namely that the nonlinear field N indeed
carries B = 1 (and not B = 1/3). It can therefore be associated directly
with the baryons. Possible relations of this picture of quark-baryon duality
with the nonrelativistic quark model will be discussed in this section and
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sect. 11. The crucial ingredient for the viability of this second scenario are
the nontrivial transformation properties of the various nonlinear fields.
The determination of the baryon number of the nonlinear fields needs
some care. To get familiar with the problem, we first discuss the analogous
problem for the electric charge. The equivalence between the nonlinear lan-
guage and the Higgs picture discussed in sect. 3 requires the nonlinear fields
in v to carry electric charge. Indeed, the transformation laws
δemψ = iβQ˜ψ , δemB˜µ =
1
e˜
∂µβ , δemWL,R = iβ[Q˜,WL,R] , δemv = iβQ˜v
(6.1)
guarantee that the quarks carry fractional electric charge Q˜ = diag(2
3
,−1
3
,−1
3
)
and the gluons are neutral, whereas the pions in ξ, the baryons and the vector
mesons are integer charged
δemξ = iβ[Q˜, ξ] , δemN = iβ[Q˜, N ] , δemVµ = iβ[Q˜, Vµ] +
1
g
∂µβQ˜ (6.2)
Despite the fact that v does not appear in the effective action (4.10), its
nontrivial electric charge plays a crucial role in the transition from the linear
quark-gluon to the nonlinear baryon-meson description.
The situation is similar for the baryon number, which we denote by B˜
on the quark level, B˜(ψ) = 1/3. The field v† transforms as a color anti-
triplet. By triality it should therefore carry baryon number B˜ = 2/3. The
baryon number, electric charge and color transformations of v† coincide all
with the ones for a diquark field. As a simple consequence, the baryons N
carry B˜ = 1 as it should be, consistent with triality. (Triality requires that
the SU(3)C representations in the classes (1, 8, ...), (3, 6¯, ...), (3¯, 6, ...) carry
B˜ = 0, 1
3
, 2
3
mod 1.) We note that χ is bilinear in v and v† and therefore carries
B˜ = 0 as appropriate for a quark-antiquark composite. Besides the above
consistency considerations a direct determination of the baryon number for
v becomes easy if some scalar fields are linear in v. In sect. 11 we will see
how the association of v† with a nonlinear diquark field arises naturally in a
language where linear diquark fields are introduced.
Let us next give the equivalent description of baryon number in the Higgs
picture. In a language with gauge-fixed reparametrization invariance the
condition v = 1 preserves a combination of U(1)P and baryon number trans-
formation, 2BP (v) + B˜(v) = 0. Furthermore, WL and WR are neutral with
respect to the abelian charge BP + BV (cf. eq. (4.4). After spontaneous
symmetry breaking the unbroken baryon number-type charge is therefore
B = B˜ + 2BP + 2BV (6.3)
Both ψ and N have the same charge B = 1. The Higgs picture implies
that the “physical baryon number” B after spontaneous symmetry breaking
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is three times15 the quark baryon number B˜. In table 2 we have listed
the various abelian charges for the linear and nonlinear fields, including the
charge BN (cf. eq. (4.4)). We note the linear relation B˜ = BP +BV +BN .
B˜ BP B˜ + 2BP BV B BN
ψ 1
3
0 1
3
1
3
1 0
v† 2
3
−1
3
0 0 0 1
N 1 0 1 0 1 1
WL,R 0 −13 −23 13 0 0
U, S,X 0 0 0 0 0 0
Aµ, Vµ 0 0 0 0 0 0
Table 2: Abelian charges of linear and nonlinear fields
In conclusion, the equivalence between the Higgs picture and the non-
linear language with preserved local symmetries shows many similarities be-
tween baryon number and electric charge. One difference remains, however,
in the Higgs picture. Whereas some “linear” scalar expectation values χ
carry nonzero electric charge Q˜ (cf. eq. (3.3) they have all B˜ = 0. The
“spontaneous breaking” of B˜ occurs only on the level of the nonlinear fields
v and WL,R by the gauge fixing v = 1, W
†
L =WR.
Let us next turn to the normalization of the fermion fields ψ and N
and the associated relative wave function renormalization Zψ. In principle,
we may normalize the fields according to some conserved charge or to some
standard convention for the kinetic term. For the quark field ψ we choose a
normalization such that the quark number operator Nq has a standard form
Nq = −i
∫
d3x Trψ¯γ0ψ (6.4)
More precisely, the normalization specifies the way how a baryon-chemical
potential µB is introduced for situations with nonvanishing baryon density.
Since quarks carry B˜ = 1/3, we take
L(µ) = i
3
µB Tr ψ¯γ
0ψ (6.5)
On the other hand, we have normalized the field N such that its kinetic
term has a standard form16 (i.e. ZN = 1). Since the baryons are “physical
15Note that the normalization of B is fixed by the requirement that a hypothetical
particle carrying baryon number without strong interactions (and therefore BV = BP = 0)
should have B = B˜.
16This should hold at least in the vicinity of on-shell momenta.
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fields”, we assume that this also corresponds to a standard normalization of
the baryon number operator
NB = −i
∫
d3x Tr N¯γ0N (6.6)
such that
L(µ) = iµB Tr N¯γ0N (6.7)
The consistency of eqs. (6.5) and (6.7) with the definition of the nonlinear
field N (4.1) requires
Zψ =
1
3
(6.8)
This reflects in our language the fact that baryons carry three times the
baryon number of quarks. We emphasize that the choice Zψ = 1/3 is not a
pure convention but rather a necessity if ψ and N are normalized according
to (6.5), (6.7). Quark-baryon duality has then the interesting consequence
of a nontrivial wave function renormalization Zψ in the “quark number nor-
malization”, since the kinetic terms for ψ and N are directly related.
The wave function renormalization Zψ is related to the full quantum the-
ory in the low momentum limit, Zψ ≡ Zψ(k → 0) = 1/3. In contrast, we
expect that for large k a perturbative picture is valid, with Zψ(k ≫ 2 GeV)
≈ 1. This leads to a simple speculation how quark-baryon duality can be
reconciled with the linear quark-meson model [17], [13], [15] the nonrelativis-
tic quark model and the parton model. The quark model descriptions are
valid in the range of large enough k (or large momenta) where Zψ(k) ≈ 1.
We speculate that around some scale kB the wave function renormalization
Zψ(k) drops rapidly to its nonperturbative value Zψ(k → 0) = 1/3. This
rapid drop is related to the binding of three quarks to a baryon in the non-
relativistic quark model. We therefore associate kB to a characteristic scale
where this binding takes place. The fact that Zψ drops precisely to the
value 1/3 reflects the fact that three quarks are needed for a baryon in the
nonrelativistic quark model.
We may further speculate that the “binding effect” essentially only af-
fects the quark wave function renormalization Zψ and other wave function
renormalizations related to it by Ward identities. This has the interesting
consequence that the drop in Zψ at kB results in a corresponding increase of
those renormalized couplings which involve negative powers of Zψ. As an ex-
ample, one may take the Yukawa couplings h, h˜ in the effective action (2.6). If
the “unrenormalized couplings” Zψh and Zψh˜ do not undergo a major change
near kB the Yukawa couplings will increase rapidly by a factor three around
this scale. Neglecting the running of Zψh one obtains h(k
>∼ kB) = 13h(k = 0)
and similar for h˜. If also the expectation values σ0(k) and χ0(k) do not vary
much in this range, the effective fermion masses for k
>∼ kB are one third the
baryon masses. This is characteristic for models with consituent quarks. A
particular version of such models, the linear quark meson model, has given a
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rather satisfactory description of chiral symmetry breaking for two flavors of
light quarks[13]. The relevant range for its dynamics is 700 MeV > k > kB,
and one may wonder how it is related precisely to our scenario for k = 0.
On the other hand, it has been pointed out [18] that fluctuations with
momenta in the range 0 < k < kB play an important role for the chiral
properties at large baryon density. The transition from effective nucleon
degrees of freedom to quark degrees of freedom is directly linked to the phase
transition from a hadron gas to nuclear matter at vanishing or low tempe-
rature. A change of Zψ by a factor of three would precisely account for the
enhancement of the contribution from baryon fluctuations as compared to
quark fluctuations to the dependence of the effective potential on the baryon
chemical potential [18].
Another interesting quantity is the running renormalized gauge coupling
g(k). If we push perturbation theory to its limit we obtain
g(850 MeV) =
√
4παs(850 MeV) = 2.26 (6.9)
where the numerical value corresponds to the two-loop value in the MS-
scheme17. Neglecting the running of Zψg for scales below the mass of the
vector mesons and accounting for a drop of Zψ by a factor of three at kB,
this yields the “perturbative estimates”
g(pt) = 6.8 , χ
(pt)
0 = 125 MeV
x(pt) = 3.1 , σ
(pt)
0 = 31 MeV (6.10)
With such an estimate the free parameters of our simple model would be
fixed in terms of f and Mρ.
In order to test the consistency of these ideas, it is instructive to couple
a hypothetical massless “baryophoton” C˜µ to the quarks and baryons. This
would be needed if the abelian symmetry corresponding to baryon number
is gauged18. According to the “quark number” normalization (6.4), the cou-
pling of the hypothetical “baryophoton” is
L(C) = 1
3
eB Tr ψ¯γ
µψC˜µ (6.11)
with eB some arbitrarily small gauge coupling which may depend on k. With
Zψ = 1/3 for k = 0 this corresponds to a covariant derivative ∂µ − ieBC˜µ for
the quark field ψ. Inserting the relation (4.1) between ψ and N , the coupling
(6.11) becomes
L(C) = 1
3Zψ
eB Tr N¯γ
µNC˜µ (6.12)
17We use ΛQCD= 250 MeV. The variation of g in this momentum region is still moderate,
with g(1GeV) = 2.12, g(700 MeV) = 2.48.
18In absence of weak interactions baryon number is free of anomalies and permits there-
fore a consistent local gauge symmetry.
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For 3Zψ = 1 this is indeed the expected coupling of the “baryophoton” to a
baryon (cf. eq. (6.6)).
In conclusion, quark-baryon duality may well be compatible with a picture
where baryons are composed of three quarks. At least we have found no
obvious contradiction. The quantum numbers match. A crucial ingredient
for dynamical considerations seems to be the value Zψ = 1/3 for k → 0
and Zψ ≈ 1 for k ≫ kB. A more detailed dynamical understanding why
and how the binding of three quarks to a baryon in the nonrelativistic quark
model is related to the drop of Zψ by a factor 1/3 in the language of quark-
baryon duality would be of great value. For the present paper we take this as
a working hypothesis and explore phenomenological consequences of quark-
baryon duality. A discussion of linear diquark fields in sect. 11 will shed a
little more light on this issue.
7 Electromagnetic interactions
As a first probe of our picture we may use the electromagnetic interactions
of mesons and baryons. The electromagnetic interactions of the mesons are
all contained in the covariant kinetic term for the scalars
(Dµγij,ab)
∗Dµγij,ab = χ20 Tr{(vˆµ + gV˜ µ − e˜B˜µQ˜)(vˆµ + gV˜µ − e˜B˜µQ˜)}
+
f 2
4
Tr{(DµU)†DµU} + 1
12
χ20 ∂
µθ∂µθ (7.1)
Here DµU = ∂µU − ie˜B˜µ[Q˜, U ] and the covariant vector current reads (with
D˜µξ = ∂µξ − ie˜B˜µ[Q˜, ξ])
vˆµ = − i
2
(W †LD˜µWL +W
†
RD˜µWR)
= − i
2
(ξ†D˜µξ + ξD˜µξ†)
= vµ − e˜
2
B˜µ(ξ
†Q˜ξ + ξQ˜ξ† − 2Q˜) (7.2)
Observing that both vˆµ and gV˜µ − e˜B˜µQ˜ transform homogeneously with
respect to the electromagnetic gauge transformations
δemvˆµ = iβ[Q˜, vˆµ], δem(gV˜µ − e˜B˜µQ˜) = iβ[Q, (gV˜µ − e˜B˜µQ˜)] (7.3)
the gauge invariance of (7.1) can be easily checked. The particular com-
bination of vector currents in (7.1) is dictated by the combination of elec-
tromagnetic gauge invariance and local reparametrization symmetry. Only
this combination transforms homogeneously with respect to both U(3)P lo-
cal reparametrizations and electromagnetic U(1) gauge transformations. In
particular, one has
δ(vˆµ − e˜B˜µQ˜) = i[ΘP , (vˆµ − e˜B˜µQ˜)] + ie˜B˜µ[Q˜, (vˆµ − e˜B˜µQ˜)]− ∂µΘP − ∂µβQ˜
(7.4)
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The interactions (7.1) coincide with those of a “hidden local chiral sym-
metry” [19] if one replaces vˆµ by vµ. The difference between our result and the
“hidden symmetry” approach is due to the different electromagnetic trans-
formation properties, cf. eqs. (6.1), (6.2). If one restricts the discussion
to ρ-mesons and pions, V˜µ =
1
2
~ρV µ~τ,Π =
1
2
~π~τ , and neglects the difference
between e˜ and e, one finds for the term involving the vector mesons and
currents
LV V = af 2pi Tr(vˆµ +
1
2
gρ~ρV µ~τ − 1
2
eB˜µτ3)
2
= af 2pi Tr
[
1
4f 2pi
((~π × ∂µ~π)~τ ) + 1
2
gρ(~ρV µ~τ )− 1
2
eB˜µτ3
− e
4f 2pi
B˜µ(π3(~π~τ )− (~π~π)τ3)
]2
+ ... (7.5)
For the second equality in eq. (7.5) we have only retained terms quadratic in
π in an expansion of vˆµ and we have replaced f by fpi. The first expression
in eq. (7.5) is actually more general than the result of the particular effective
action (2.6) for which one has
gρ = g
a =
χ20
f 2pi
=
9
7κ2f
x
1 + x
f 2
f 2pi
≈ 2.4 x
1 + x
(7.6)
In consequence of the symmetries, additional interactions will change the val-
ues of a a and gρ without affecting the structure of the invariant. Such addi-
tional interactions will also generate new invariants involving higher deriva-
tives. We give an example in appendix A.
The contributions in eq (7.5) with canonical dimension ≤ 4 can be written
in the form
LV V = 1
2
M2ρ ~ρ
µ
V ~ρV µ − egργρµV 3B˜µ +
1
2
m2BB˜
µB˜µ
+gρpipi~ρ
µ
V (~π × ∂µ~π) + g(V )γpipiB˜µ(~π × ∂µ~π)3
+gργpipiB˜µ[(~π~π)ρ
µ
V 3 − (~ρµV ~π)π3]
−1
2
ae2B˜µB˜
µ[(~π~π − π23 ] + ... (7.7)
with
M2ρ = ag
2
ρf
2
pi , gργ = agρf
2
pi , gρpipi =
1
2
agρ,
m2B = ae
2f 2pi , g
(V )
γpipi = −
1
2
ae , gργpipi =
1
2
aegρ (7.8)
We recover the very successful KSFR relation [20], [19]
gργ = 2f
2
pigρpipi (7.9)
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which relates the decay ρ → 2π (with gρpipi ≈ 6, see next section) to the
eletromagnetic properties of the ρ-meson, in particular the decay ρ0 → e+e−
(with Γ(ρ0 → e+e−) = 6.62 keV and gργ = 0.12 GeV2).
The relation
M2ρ =
4
a
g2ρpipif
2
pi (7.10)
requires a = 2.1, implying
χ0 = 135 MeV (7.11)
One may use eq. (7.6) for an estimate of the relative octet contribution to
the pion decay constant and eq. (2.20) or (5.19) for an estimate of g
x = 7 , σ0 = 22 MeV , g = 6.3 (7.12)
It is striking how close these values are to the “perturbative values” (6.10).
This should, however, not be taken too literally in view of possible sub-
stantial SU(3)V -violating effects from the nonzero strange quark mass. Also
higher order operators may affect the relation (7.6). Furthermore, one should
include the corrections from additional invariants (see appendix A). A phe-
nomenological discussion including the properties of the axial-vector mesons
[21] favors a ≈ 1.64. Relation (7.6) implies then
x = 2.16 , χ0 = 119 MeV , σ0 = 36 MeV , g = 7.1 (7.13)
again close to the “perturbative values” (6.10). We point out that the mini-
mal effective action (2.6) with κf = 1 and fpi = f leads to a bound a < 9/7.
We will discuss this issue and modifications of the relation (7.6) in the next
section and appendix A. The additional invariants encountered in appendix
A only affect the cubic and higher vertices, but not the mass terms. In
particular, the relation
gργ = gχ
2
0 =
M¯2ρ
g
(7.14)
will only be modified by SU(3)-violating effects. It can be used for an inde-
pendent estimate of g, yielding
g = 6 (7.15)
close to (7.12) and the saturation of the bound implied by eq. (5.17).
The electromagnetic γππ and γγππ vertices also receive contributions
from
1
4
f 2piTr{DµU †DµU} =
1
2
∂µ~π∂µ~π (7.16)
+eB˜µ(~π × ∂µ~π)3 + 1
2
e2B˜µB˜
µ(~π~π − π23) + ...
One sees that for a = 2 the two contributions (7.7) and (7.16) to the direct
γππ vertex cancel. The electromagnetic interactions of the pions are then
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dominated by ρ-exchange (vector dominance), in agreement with observation.
Otherwise stated, our model leads for the direct γππ-coupling to the realistic
relation
gγpipi = e
(
1− 2g
2
ρpipif
2
pi
M2ρ
)
(7.17)
The vertex ∼ gργpipi contributes19 to rare decays like ρ0 → π+π−γ, with
gργpipi = egρpipi (7.18)
We conclude that the electromagnetic interactions of the pseudoscalars as
well as the vector mesons can be considered as a successful test of our simple
model. The appearance of a local nonlinear reparametrization symmetry is a
direct consequence of the “spontaneous breaking” of color. This symmetry,
combined with the simple effective action (2.6), has led to the KSFR relation
(7.9) and to vector dominance (7.17). At this stage the relations of the above
discussion should be taken with a 20-30 percent uncertainty. In particular,
the SU(3)-violation due to the nonzero strange quark mass needs to be dealt
with more carefully. Nevertheless, the ρ→ 2π decay and the electromagnetic
decays are all consistent and have allowed us a first determination of the size
of the octet condensate χ0, which we may take in the range between the
estimates (7.11) and (7.13), i.e. 119 MeV < χ0 < 135 MeV. The octet con-
densate is larger than the singlet condensate and dominates the pseudoscalar
decay constant f .
Finally, the connection of the above discussion to the Higgs picture de-
veloped in sect. 3 is easily established if one realizes that the field
Gµ = −
√
3 Tr {Q˜V˜µ} =
√
3 Tr {Q˜(vATµv† +
i
g
∂µvv
†)}
= −
(√
3
2
ρ0µ +
1
2
V 8µ
)
(7.19)
is the nonlinear correspondence of G˜µ in sect. 3. It transforms inhomoge-
neously
δemGµ = − 2√
3g
∂µβ = −1
g˜
∂µβ (7.20)
such that the linear combinations (3.7) Rµ = cos θemGµ + sin θemB˜µ, Bµ =
cos θemB˜µ− sin θemGµ have the transformation properties of a heavy neutral
boson and a photon
δemBµ =
1
e
∂µβ , δemRµ = 0 (7.21)
Inserting in LV (5.26) V˜µ = −
√
3
2
GµQ˜, v˜µ = 0 and adding terms from covari-
ant derivatives (3.1) involving B˜µ (cf. (7.5)), we recover L(2)em (3.6) with G˜µ
19This vertex is absent in ref. [19].
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replaced by Gµ. The (extended) electromagnetic interactions of the baryon
octet20 read
LV N,0 = eBµ Tr {N¯8γµ[Q˜, N8]}
+g˜ cos θemRµ Tr {N¯8γµ(N8Q˜+ tg2θemQ˜N8)} (7.22)
One finds the standard coupling between the photon Bµ and the baryons
according to their charge. More generally, we conclude from
e˜B˜µ = e(Bµ + tgθemRµ)
g˜Gµ = g˜ cos θemRµ − eBµ (7.23)
that the charged leptons have a small direct coupling to a linear combination
of the ρ0, ω and φ vector mesons corresponding to the term e tgθemRµ in
e˜B˜µ. Similarly, the photon has a hadronic coupling from the term −eBµ in
g˜Gµ. These mixing effects are governed by the coupling gγρ (7.9).
8 Vector mesons
The vector mesons acquire a mass through the Higgs mechanism. They are
also unstable due to the decay into two pseudoscalar mesons. Their interac-
tions are contained in LV (5.26). In particular, the cubic vertex between one
vector meson and two pseudoscalars is
LV pipi = 2gχ20 Tr{V˜ µv˜µ} = −
igχ20
f 2
Tr{[Π, ∂µΠ]V˜ µ}
= −2igρpipi Tr{[Π, ∂µΠ]V˜ µ} (8.1)
with
gρpipi =
g
2
χ20
f 2
=
M2ρ
2gf 2
(8.2)
Considering only the effective action (2.6), one has κf = 1 and infers
gρpipi =
9x
14(1 + x)
g ≈ 4.6
(
x
1 + x
)1/2
. (8.3)
If we restrict these interactions to the ρ-mesons V˜µ =
1
2
~ρV µ~τ and pions Π =
1
2
~π~τ , vµ =
1
4f2
(~π × ∂µ~π)~τ , we obtain the familiar form
Lρpipi = gχ
2
0
2f 2
ǫijkπ
i∂µπ
jρkµV = gρpipi(~π × ∂µ~π)~ρµV (8.4)
20We omit here terms involving the baryon singlet N1 and take Π = 0.
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It is straightforward to compute the decay rate ρ→ 2π as
Γ(ρ→ ππ) = g
2
ρpipi
48π
(M2ρ − 4M2pi)3/2
M2ρ
≃ 150 MeV (8.5)
and one infers the phenomenological value gρpipi ≃ 6.0. The discrepancy with
eq. (8.3) reflects the difference between the realistic value a ≈ 2 and a value
of a which results from (7.6) for κf = 1, fpi = f . The estimate (8.3) receives,
however, important corrections. Omitted SU(3)V -violating effects from the
strange quark mass result in corrections ∼ 30 %. Furthermore, since eq. (7.6)
is no symmetry relation, it is subject to modifications from the inclusion of
additional fields. (We have already included in eq. (7.6) the presumably
most important modification in the form of κf < 1.)
The effective coupling between ρ-mesons and baryons (5.26) obeys
LN¯Nρ = −
g
2
Tr {N¯8γµN8~τ}~ρV µ (8.6)
where we omit from now on electromagnetic effects. This implies that the
effective action (2.6) does not contain a direct coupling of the ρ-mesons to
protons and neutrons. The ρ-mesons only couple to strange baryons. In
the approximation of the effective action (2.6) possible contributions to the
nucleon-nucleon interactions in the isospin triplet vector channel could only
arise through two-pion interactions ∼ Tr {N¯8γµv˜µN8}. For the computa-
tion of the effective nucleon-nucleon interactions one should solve the field
equations for Π and V˜µ as functionals of the baryon fields N8 in bilinear
order ∼ N¯8N8. The solution has to be reinserted into the effective action.
As a result of this procedure one finds nucleon-nucleon interactions in the
pseudoscalar channel and in the isospin-singlet vector channel mediated by
the exchange of V8µ but not in the isospin-triplet vector channel. (The-σ
exchange term in the scalar channel is also contained in our model once the
non-Goldstone scalar excitations in φ and χ are included.) This absence of
isospin-triplet vector channel nucleon-nucleon interactions seems not to be
consistent with observation [22].
In summary, three shortcomings indicate that the effective action (2.6)
gives only an insufficient picture of the hadronic interactions in the vector
channel: (i) the absence of a physical SU(3)-singlet vector state (the ninth
vector meson), (ii) the inaccurate estimate of the parameter a in eq. (7.6) for
κf = 1, (iii) the absence of nucleon-nucleon interactions in the isospin-triplet
vector channel. In addition, no axial-vector mesons are present. These short-
comings can be overcome once we include the effective four-quark interactions
in the color singlet vector and axial-vector channel. The successful relations
(7.9), (7.17) and (7.18) can be maintained, whereas the parameter a and
the relation between Mρ, gρpipi and fpi will be modified. Mixing effects with
the divergence of the axial vector induce the correction (5.11) and therefore
κf < 1.
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The effects from vector and axial-vector four-quark interactions are dis-
cussed in detail in appendix A. Besides the “partial Higgs effect” (5.11) they
account for the missing nucleon-nucleon interactions in the isospin triplet
channel. They also contain the missing ninth vector meson, i.e. the SU(3)C-
singlet state, as well as the axial-vector mesons. Unfortunately, the additional
effective interactions are parametrized by new unknown couplings. We will
retain here only the “partial Higgs effect”, the singlet vector meson Sµ with
mass µ2V and the effective vector channel four-quark interaction. We omit
the physics of axial-vector mesons. The relevant interactions discussed in
appendix A lead then to an addition to the effective action (2.6) of the form
(Sµν = ∂µSν − ∂νSµ)
Lρ = 1
4
SµνSµν +
µ2V
2
SµSµ +
1√
6
c˜ρq¯qS
µTrN¯γµN (8.7)
+∆L(P )kin + yNTr{N¯γµγ5˜ˆa
µ
N} − τV Tr{N¯γµλzN} Tr{N¯γµλzN}
where the partial Higgs effects results in ∆L(P )kin as given by eq. (5.11) and
the term ∼ yN with
˜ˆaµ = − i
2
(ξ†Dµξ − ξDµξ†)− 1
3
Traµ. (8.8)
The couplings c˜ρq¯q, yN and τV may be determined from phenomenology and
we assume µ2V ≈ M¯2ρ . There is actually no symmetry argument why µ2V
should equal M¯2ρ = g
2χ20. In particular, µ
2
V is not related to chiral and color
symmetry breaking. We speculate that a partial fixed point in the renor-
malization flow of the ratio µ2V /(g
2χ20) could lead to an understanding of the
puzzle of the phenomenologically required approximate “ninefold degener-
acy” of the light vector meson masses.
All other effective interactions discussed in appendix A will be considered
as subleading and neglected. Some of the couplings can be estimated from
observations like the decay reates of axial-vector mesons into vector mesons
and pseudoscalars. This may later be used for an estimate of the typical size
of the neglected subleading terms.
9 Interactions of pseudoscalar mesons
The cubic interactions between the pseudoscalar and the baryon octets are
usually parametrized by
L(p)N = F Tr{N¯8γµγ5[a˜µ, N8]}+D Tr{N¯8γµγ5{a˜µ, N8}} (9.1)
Experimental values are F = 0.459 ± 0.008 and D = 0.798 ± 0.008. The
effective action (2.6) leads to (cf. eq. (5.22)) F = D = 0.5. This can
be considered as a good achievement since the reparametrization symmetry
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does not restrict the coupling constants F and D. (This contrasts with the
coupling of the vector current v˜µ.) In our context the relation F = D = 0.5
is directly connected to the origin of these couplings from the quark kinetic
term and therefore to quark-baryon duality. The term ∼ yN from the partial
Higgs effect (8.7) provides for a correction F + D = 1 + yN and one infers
yN ≈ 0.26. Contributions to D − F ≈ 0.34 have to be generated from other
higher-order invariants, as, for example, a momentum-dependent Yukawa
coupling involving Dµχ. We note that D − F contributes to the η-nucleon
coupling but not to the interaction between protons, neutrons and pions. The
latter can be written in a more conventional form with the nucleon doublet
N T = (p, n) and a˜µ restricted to a 2 × 2 matrix (by omitting the last line
and column)
L(pi)N = gAN¯γµγ5a˜µN
gA = F +D (9.2)
The inclusion of weak interactions will replace the derivative in the definition
(5.5) of a˜µ by a covariant derivative involving a coupling to theW -boson (see
next section). The constant gA will therefore appear in the β-decay rate of
the neutron.
For a discussion of the self-interactions of the pseudoscalar mesons we
first expand eq. (5.24) in powers of Π = 1
2
Πzλz
L(pi) = f
2
4
Tr{∂µ exp(−2i
f
Π)∂µ exp(
2i
f
Π)} (9.3)
= Tr{∂µΠ∂µΠ}+ 1
f 2
Tr{∂µΠ2∂µΠ2 − 4
3
∂µΠ∂µΠ
3}+ ...
Similarly, the current quark mass term (5.28) contributes
Lj = Tr
{
M2(p)Π
2
}
− Tr
{
M2(p)
3f 2
Π4
}
+ ...
M2(p) = 2Z
−1/2
φ aqσ0f
−2m¯ (9.4)
This yields the low-momentum four-pion interactions. Further effective in-
teractions arise from the exchange of vector mesons according to eq. (5.26).
They are obtained by substituting for the vector mesons the solution of the
field equation in presence of pseudoscalars
V˜µ = −
M¯2ρ
g
G(ρ)νµ v˜ν + ... (9.5)
with the vector meson propagator G(ρ) obeying
G(ρ) νµ [(M¯
2
ρ − ∂2)δσν + ∂ν∂σ] = δσµ (9.6)
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One obtains
LV = χ20 Tr{v˜µ(δσµ − M¯2ρG(ρ) σµ )v˜σ}+ ... (9.7)
and we note that the term χ20 Tr{v˜µv˜µ} in the expression (5.26) is cancelled by
the lowest order of a derivative expansion of G(ρ). It should be remarked that
Tr{v˜µv˜µ} is invariant under the chiral transformations. It involves only two
derivatives and cannot be reduced to the term Tr{∂µU †∂µU} which appears
in chiral perturbation theory. It is, however, not consistent with the local
reparametrization symmetry.
The next order in a derivative expansion of eq. (9.7) reads
LV = 1
2g2
Tr{v˜µν v˜µν}+ ... (9.8)
where
v˜µν = ∂µv˜ν − ∂ν v˜µ + i[v˜µ, v˜ν ] (9.9)
has been completed to a covariant “field strength” such that (9.8) is invariant
under the local reparametrization symmetry. With
v˜µν = − i
4
ξ†(∂µU∂νU † − ∂νU∂µU †)ξ (9.10)
one obtains
LV = 1
16g2
Tr{∂µU †∂µU∂νU †∂νU − ∂µU †∂νU∂µU †∂νU}
=
1
32g2
[6 Tr{∂µU †∂µU∂νU †∂νU} − (Tr{∂µU †∂µU})2
−2Tr{∂µU †∂νU} Tr{∂µU †∂νU}] (9.11)
One can infer the contribution of LV to the parameters Li appearing in next
to leading order in chiral perturbation theory [23]
L
(V )
1 =
1
32g2
, L
(V )
2 =
1
16g2
, L
(V )
3 = −
3
16g2
(9.12)
We observe that with the hypothesis of scalar Vervollsta¨ndigung (2.6) the
constants depend only on the effective gauge coupling g. For g = 6 the val-
ues L
(V )
1 = 0.87 · 10−3, L(V )2 = 1.74 · 10−3, L(V )3 = −5.2 · 10−3 compare well
with the values [24] extracted from observation L1 = (0.7± 0.3) · 10−3, L2 =
(1.7 ± 0.7) · 10−3, L3 = −(4.4 ± 2.5) · 10−3. This is consistent with the
hypothesis that these constants are dominated21 by vector-meson exchange
[26]. The momentum dependence of the effective four-pion vertex extracted
from eq. (9.7) describes the fact the π − π scattering at intermediate ener-
gies is dominated by the ρ-resonance. We conclude that the hypothesis of
scalar Vervollsta¨ndigung (2.6) gives a very satisfactory picture of the pion
interactions.
21Further contributions arise from the exchange of scalars and have been estimated [25]
as L
(S)
2 = 0, L
(S)
3 = 1.3 · 10−3.
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10 Weak interactions
Kaons decay into two pions by weak interactions. It is an old puzzle how
the strong enhancement of the ∆I = 1/2 decays of K0S as compared to the
∆I = 3/2 decay of K± should be explained in QCD. The semileptonic weak
decays of kaons and pions are directly related to the corresponding decay
constants fK , fpi. These characteristic properties of the weak decays are de-
scribed by our model once the weak interactions are incorporated. New
parameters specify the strength of effective vertices which are one-particle
irreducible with respect to cutting a W±-boson line. Following the philos-
ophy underlying the effective action (2.6) we only include “renormalizable”
interactions with dimension ≤ 4. These invariants only contribute to the
∆I = 1/2 decays. Comparison with the K0S-decays determines the relevant
parameter – ultimately it should be computed from QCD. The contribution
of (one-particle reducible) W -boson exchange diagrams to the ∆I = 3/2
processes is substantially smaller. The corresponding effective vertex for φ
and χ involves two more powers of these fields as compared to the leading
invariant. Together with higher 1PI-vertices it should be considered as sub-
leading. Scalar Vervollsta¨ndigung leads to a qualitative understanding of the
∆I = 1/2 enhancement.
a) Strangeness-violating local interactions
The exchange of the heavy W and Z bosons in tree and loop diagrams
produces multi-fermion interactions which may violate strangeness. On the
momentum scale of interest here these interactions can be taken as local.
After bosonisation, they result in two extensions of the effective action (2.6).
All diagrams which decay into pieces by cutting a W or Z propagator can
be represented by the couplings of a heavy boson to the fields present in
the effective action (2.6). Those are retricted by the weak gauge symmetry.
Keeping only the lowest dimension terms, we implement these couplings by
appropriate covariant derivatives. The semileptonic decays are completely
described by them. On the other hand, the diagrams which are one-particle
irreducible with respect to cutting aW or Z-boson line cannot be represented
in this way. They result in additional local interactions which have to obey
the appropriate symmetries.
First of all, the inclusion of weak interactions in our framework requires
the effective action to be invariant under local SU(2)L × U(1)Y symmetry.
On the other hand, the global flavor symmetry SU(3)L× SU(3)R is reduced
to SU(2)R × U(1)R. Here the global SU(2)R transformations act between
right-handed down and strange quarks (which carry identical hypercharge)
and U(1)R consists of phase rotations of the right-handed quarks with gener-
ator Q˜. In lowest order the strangeness-violating interactions obey, however,
the larger SU(3)R flavor symmetry. (The latter is broken by the couplings
of the Z-boson and the photon.) Also C and P need not be conserved sepa-
rately any more, whereas CP is an exact symmetry if effects from the third
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generation quarks are neglected. Of course, local SU(2)L symmetry requires
the charmed quark. In this section we use an effective action where the heavy
charmed quark has been integrated out.
Local SU(2)L×U(1)Y gauge symmetry is easily implemented by replacing
all derivatives in the effective action (2.6) by appropriate covariant deriva-
tives. Besides this we have to include the effects from additional local in-
teractions which become possible due to the reduced flavor symmetry. They
arise from effective short distance four-fermion interactions mediated by the
exchange of W± or Z0 in loops (i.e. “penguin diagrams”) and therefore are
suppressed by inverse powers of the squared W -boson mass M2W . As an
example, a new local mass term for φ reads for a vanishing Cabibbo angle
Lµ˜ = g
2
W µ˜
4
W
4M2W
Tr {φ†φλ8} (10.1)
Here the weak gauge coupling gW and MW are related to the Fermi constant
by GF = g
2
W/(4
√
2M2W ). The value of the parameter µ˜W (k) can be computed
for large k by translating (10.1) into an effective four-quark interaction ac-
cording to sect. 2 and comparing with the perturbatively computed value.
For the present purpose we treat µ˜W ≡ µ˜W (k = 0) and similar constants
as free parameters. The mass term (10.1) violates C and P and preserves
CP . For a nonzero Cabibbo angle the field φ in (10.1) has to be replaced
by the “weak interaction eigenstate” φˆ, which is related to the basis of mass
eigenstates φ by
φˆ = φRθ = φ

 1 0 00 cθ −sθ
0 sθ cθ

 (10.2)
Here sθ and cθ are the sine and cosine of the Cabibbo angle. The mass term
(10.1) becomes
Lµ˜ = g
2
W µ˜
4
W
4M2W
Tr{φ†φλW}
λW = Rθλ8R
T
θ = (1−
3s2θ
2
)λ8 +
√
3cθsθλ6 +
√
3
2
s2θλ3 (10.3)
and we underline the strangeness-violating contribution ∼ λ6. Inserting the
nonlinear pseudoscalars (4.6) this term vanishes, however, and does not con-
tribute to strangeness violation in the sector of the Goldstone bosons Π.
In leading order M−2W the terms involving two derivatives of φ or χ are
given by
Lµ = g
2
Wµ
2
W
4M2W
[Tr {Dµφ†DµφλW}+ δW (Dµχ)∗ij,ab(Dµχ)ij,ac(λW )cb] (10.4)
The effective action (10.4) involves two additional real parameters µ2W and
δW . It is invariant under the local symmetry SU(3)C×SU(2)L×U(1)Y , global
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SU(3)R flavor symmetry and CP , whereas it violates P,C and strangeness.
In lowest order inM−2W and neglecting electromagnetic effects we may replace
Dµφ by ∂µφ and use (2.7) for Dµχ. Furthermore, we will be interested only
in strangeness-violating effects and replace λW by
√
3cθsθλ6. Concentrating
on the pseudoscalar interactions we insert (5.5) and obtain
LµU = 1
2
AW g8f
2[Tr {∂µU †∂µUλ6}+ 4gχ Tr{∂µξ†∂µξλ6}
+
4i
3
gχ∂
µθ Tr {ξ†∂µξλ6}] (10.5)
with
AW =
cθsθg
2
Wf
2
4M2W
= 3.98 · 10−8
g8 =
√
3
2
µ2W
f 2
1− 2δWx/7
1 + x
gχ =
9δWx
14− 4δWx (10.6)
replacing µW and δW . Adding the interactions with gluons leads to the
replacements
iξ†∂µξ −→ i(vµ + gV˜µ + aµ)
∂µξ†∂µξ −→ (vµ + gV˜ µ + aµ)(vµ + gV˜µ + aµ) (10.7)
This makes the local reparametrization invariance of LµU manifest. We show
in appendix B that only derivative terms contribute to strangeness-violating
interactions for the pseudoscalars. One infers that Lµ (10.4) is the only
relevant bosonic term with dimension ≤ 4. The invariant of dimension four
for strangeness-violating fermionic interactions can be found in appendix B.
This should dominate the hyperon decays.
b) Vector-meson-W-boson mixing
We also have to include the effects of local SU(2)L × U(1)Y symmetry
in the derivative terms of eq. (2.6). The photon coupling has already been
discussed in sect. 3. The coupling of the weak gauge bosons W±µ , to the
quarks is implemented by inserting in the effective action (2.6) the appropri-
ate covariant derivatives
∂µψL,R → ∂µψL,R +D(L,R)µ ψL,R
D(L)µ = −
i
2
gW
~˜W µ~τW = −igW√
2


0µ , cθW˜
+
µ , sθW˜
+
µ
cθW˜
−
µ , 0 , 0
sθW˜
−
µ , 0 , 0

(10.8)
D(R)µ = 0
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We have omitted in the explicit form of D(L,R)µ the couplings of the Z-bosons
since they do not contribute to strangeness-violating interactions (τ3W = τ3).
They can easily be inserted in the formalism below. The weak coupling to
the quark bilinears γij ∼ ψRiψ¯Lj follows correspondingly22 by replacing in
eq. (2.6)
Dµγij → Dµγij +D(R)µ γij − γijD(L)µ (10.9)
Finally, we add the mass terms for the gauge bosons23
LW = M2W W˜+µW˜−µ +
1
2
M2ZZ˜
µZ˜µ (10.10)
Eliminating the fields W±µ , Zµ by solving their field equations as functionals
of ψ, φ and χ yields effective four Fermi interactions24 relevant for weak inter-
actions at low momenta as well as weak mesonic interactions. Furthermore,
spontaneous color symmetry breaking by the octet expectation value < χ >
(2.18) leads to a mixing between W,Z-bosons and gluons similar to the pho-
ton mixing discussed in sect. 3. The mixing angle is tiny due to the large
masses MW ,MZ . It needs, however, to be included for strangeness-violating
processes.
In the language of the nonlinear meson fields the weak interactions add
to the effective Lagrangian a term LW = LWN + LWM + LWU + LµU
LWN = i Tr {N¯LγµξD(L)µ ξ†NL + N¯Rγµξ†D(R)µ ξNR} (10.11)
LWM = M2W W˜+µW˜−µ +
1
2
M2ZZ˜
µZ˜µ
−igχ20 Tr {(ξ†D(R)µ ξ + ξD(L)µ ξ†)V˜ µ}
−(σ20 +
5
9
χ20) Tr {D(L)µD(L)µ +D(R)µD(R)µ } (10.12)
+(2σ20 +
1
9
χ20) Tr{U †D(R)µUD(L)µ }+
1
3
χ20 TrD
(R)
µ Tr D
(L)
µ
LWU = (2σ20 −
1
9
χ20) Tr {U †∂µUD(L)µ + U∂µU †D(R)µ }
+iχ20 Tr {(v˜µ + a˜µ)D(L)µ + (v˜µ − a˜µ)D(R)µ }
− i
3
χ20
Hη′
∂µη′ Tr {D(L)µ −D(R)µ } (10.13)
with LµU given above. These are the leading interactions for the strangeness-
violating pseudoscalar meson decays. For other quantities like the K0L−K0S-
mass difference they have to be supplemented by interactions discussed in
appendix C.
22Covariant derivatives have also to be used in the additional interactions (8.7),(8.8).
23The kinetic terms for the weak gauge bosons and the Higgs sector are not important
here.
24In the full standard model this also involves the leptons.
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For a computation of the mixing between W±µ , ρ
±
µ and K
∗±
µ we can put
ξ = 1 and neglect the terms ∼ (D(L,R)µ )2 in LWM . Inserting
V˜µ =
1√
2


0 , ρ˜+µ , K˜
∗+
µ
ρ˜µ , 0 , 0
K˜∗−µ 0 , 0

 (10.14)
and combining with the vector-meson mass term one obtains the squared
mass matrix (with b = (ρ˜−, K˜∗−, W˜−), LM = b†M2bb)
M2b =


M2ρ , 0 , Bcθ
0 , M2K∗ , Bsθ
Bcθ , Bsθ , M
2
W


B = −1
2
gWgχ
2
0 (10.15)
In a good approximation the fields (ρ,K∗,W ) for the physical spin-one
bosons, i.e. the mass eigenstates, obey
ρ˜µ = ρµ − sρWµ , K˜∗µ = K∗µ − sKWµ,
W˜µ = Wµ + sρρµ + sKK
∗
µ (10.16)
with
sρ =
1
2
gWg
χ20
M2W
cθ , sK =
1
2
gWg
χ20
M2W
sθ (10.17)
The mixing angles sρ, sK between ρ˜, K˜
∗ and W˜ are suppressed by B/M2W and
therefore indeed tiny. The mass eigenvalues get only negligible corrections.
Also the slight modification of the couplings of the physical W -boson (the
mass eigenstate with mass ≈MW ) is of no importance. There remains, how-
ever, one relevant effect: The couplings of the physical ρ± and K∗± mesons
acquire from the mixing a small strangeness-violating correction. Indeed, ex-
pressed in terms of the “physical fields” one finds the contribution of charged
spin-one bosons to D(L)µ (cf. eq. (10.8)
D(L)µ = −i
gW
2
√
2
[W+µ +
gW g
2
χ20
M2W
(cθρ
+
µ+sθK
∗+
µ )][cθ(λ1+iλ2)+sθ(λ4+iλ5)]+h.c.
(10.18)
Inserting this term in LMN , one sees that the ρ meson couples not only to
baryon-bilinears with zero strangeness but also has a small contribution of a
coupling to p¯Σ. It therefore contributes to strangeness violating weak decays.
Similarly, the exchange of ρµ and K
∗
µ induce additional strangeness violating
interactions for the pseudoscalar mesons. We note that the mixing effects
of the neutral weak boson Zµ do not lead to violations of quantum numbers
and can therefore be neglected. In summary, in leading order in GF the only
relevant effect of the mixing between gluons and weak gauge bosons is the
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expression (10.18) for D(L)µ . From LWM we need then only to retain the piece
M2WW
+µW−µ +
1
2
M2ZZ
µZµ.
c) Leptonic meson decays
Let us next turn to the leptonic decays of the pseudoscalar pions and
kaons. The relevant vertex for the coupling of W± to the charged leptons l
and neutrinos νl is given by
Ll =
∑
l
gW
2
√
2
{l¯γµ(1 + γ5)νlW˜−µ + ν¯lγµ(1 + γ5)lW˜+µ } (10.19)
=
∑
l
ν¯lγ
µ(1 + γ5)l
{
gW
2
√
2
W+µ +
g2W g
4
√
2
χ20
M2W
(cθρ
+
µ + sθK
∗+
µ )
}
+ h.c.
The semileptonic pion decay can therefore in principle proceed via interme-
diate W, ρ or K∗ exchange. In leading order in an expansion in GF , however,
only the W exchange contributes. The relevant bilinear between Π and W
obtains from
LWΠ = i
2
f∂µΠz Tr{λzD(L)µ } (10.20)
After eliminatingW by the field equation, one finds the effective cubic vertex
Lpiµν = g
2
W cθf
4
√
2M2W
µ¯γρ(1 + γ5)νµ∂ρπ
− (10.21)
Comparison with the pion decay rate yields f = fpi = 92.5 MeV. In our ap-
proximation where SU(3)-violating vacuum expectation values are neglected
we also have fK = f . We have therefore taken in eq. (5.15) an average value.
A detailed discussion of semileptonic decays including SU(3)-violating ex-
pectation values due to the nonvanishing mass of the strange quark can be
found in ref. [15].
d) Nonleptonic kaon decays
For the non-leptonic weak decays of the kaons four effects need to be
considered in linear order in GF . The most important coupling arises from
the one particle irreducible coupling (10.5). This is the only contribution in
leading order. The second concerns the effective strangeness violating cubic
vertices induced by the exchange of W˜±. A third contribution reflects the
weak mixing between the pseudoscalars π±, K± and the scalars a±, K∗±. This
last effect needs information about the effective potential U(γ) and we will
not discuss it here in a quantitative way. Finally, one expects “nonleading”
strangeness violating vertices of the type (10.4) involving higher powers of
φ, χ or higher derivatives. A combination of these effects should explain the
observed values
Γ(K0S → π+π−) = 5.061 · 10−12 MeV
Γ(K0S → π0π0) = 2.315 · 10−12 MeV
Γ(K− → π−π0) = 1.126 · 10−14 MeV (10.22)
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which reflect the strong enhancement of the ∆I = 1/2 decays.
The cubic coupling for the pseudscalar octet arising from (10.5) needs
some care. At first sight the terms ∼ gχ seem to contribute. These terms
generate, however, also parity-violating mixings between the vector mesons
v˜µ and the pseudoscalars aµ ∼ ∂µΠ (cf. eq. (10.7)). Subsequent “decay” of
intermediate vector bosons into two Goldstone bosons leads to contributions
to the effective cubic vertex. This issue is most easily dealt with by “inte-
grating out” the vector mesons, similar to sect. 9. In lowest order in the
derivatives one has (cf. eq. (9.7)) vµ + gV˜µ = 0. As a consequence one finds
∂µξ†∂µξ → aµaµ and concludes that the terms ∼ gχ do not contribute to the
strangeness-violating cubic vertices. The effective cubic interaction therefore
reads (∂2 = ∂µ∂µ)
L(3)µU =
2i
f
AW g8Tr {[∂µΠ∂µΠ,Π]λ6} (10.23)
=
1
2f
AW g8{K0S[6∂µπ+∂µπ− + 3∂µπ0∂µπ0
+π+∂2π− + π−∂2π+ + π0∂2π0] + iK0L[π
−∂2π+ − π+∂2π−]
−iπ0[K+∂2π− −K−∂2π+] + i∂2π0[K+π− −K−π+]}
Here we have only retained terms involving one kaon and two pions in the
second expression and we use
K0S =
i√
2
(K0 − K¯0) = Π7 , K0L =
1√
2
(K0 + K¯0) = Π6 (10.24)
Evaluated on mass-shell (∂2 →M2), this vertex reduces to
L(3)µU = −
1
2f
AWg8{(3M2K − 4M2pi)K0Sπ+π− (10.25)
+(
3
2
M2K − 2M2pi)K0Sπ0π0 + i(M2pi+ −M2pi0)(K−π+π0 −K+π−π0)}
Up to tiny isospin-violating corrections from the difference between charged
an neutral pion masses it only contributes to the decay K0S → 2π. With
Γ(3)(K0S → 2π0) = Γ(3)(K0S → π+π−) = (10.26)
−AW
2f
g8(3M
2
K − 4M2pi) = −1.26 · 10−4g8 MeV
one obtains the partial width for K0S → 2π0
Γ(K0S → 2π0) = 2.66 · 10−13g28 MeV (10.27)
Comparison with the experimental value requires
g8 = 2.95 (10.28)
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This corresponds to a very reasonable value25 µW ≈ 440 MeV. From eq.
(10.26) one also infers that the decay rate Γ(K0S → π+π−) is twice the one
for the decay into neutral pions, in accordance with observation (see below
eq. (10.41) for a correction to this relation). The vertex (10.5) does not
contribute to the charged kaon decay. The latter will only be induced by W˜ -
exchange, pseudoscalar-scalar mixing and nonleading 1PI vertices. We will
see below that these effects are suppressed compared to the vertex (10.25). If
a computation of the effective coupling g8 from the standard model couplings
yields indeed the value (10.28) the dominance of the ∆I = 1/2 kaon decays
can be naturally understood.
In order to compute the contribution of W˜ -exchange to the effective
strangeness-violating cubic vertex we need the strangeness-violating two-
point functions (10.20) (Π = 1
2
Πzλz)
LWΠ = gWf√
2
Tr{∂µΠλˆ+}(W+µ + sρρ+µ + sKK∗+µ ) + h.c. (10.29)
and the cubic vertex
LWΠΠ = 1 + 5x/14
1 + x
Tr {[Π, ∂µΠ]D(L)µ } (10.30)
= −igW√
2
1 + 5x/14
1 + x
Tr {[Π, ∂µΠ]λˆ+}W+µ + h.c. + ...
with
λˆ+ =
1
2
cθ(λ1 + iλ2) +
1
2
sθ(λ4 + iλ5) (10.31)
Consider first the contribution from W -exchange. Inserting the solution of
the field equation
W+µ = −
gW√
2M2W
Tr {(f∂µΠ− i1 + 5x/14
1 + x
[Π, ∂µΠ])λˆ
†
+} (10.32)
into (10.29), (10.30), (10.12), one finds
L(W )∆S = i
g2Wf
2M2W
1 + 5x/14
1 + x
Lˆ∆S,
Lˆ∆S = Tr {∂µΠλˆ+} Tr {[Π, ∂µΠ]λˆ†+}+ Tr {∂µΠλˆ†+} Tr{[Π, ∂µΠ]λˆ+}
= −1
4
cθsθ{2K+∂µπ−∂µπ0 + 2K+π−∂µ∂µπ0 −K+∂µ∂µπ−π0
+2
√
2K0∂µπ−∂µπ+ +
√
2K0∂µ∂µπ
−π+} − c.c. (10.33)
In the last expression we again have only listed the vertices involving one
kaon and two pions. Another contribution arises from the exchange of ρ and
25For |δWx| ≪ 7/2 the contribution ∼ δW is small. We have used x = 4, δW = 0 for
the numerical value. Negative δW lead to smaller values of µW .
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K∗ mesons due to the strangeness-violating mixing (10.29). It is computed
similarly by inserting
V˜ ∆Sµ = −
gWf
4
[sρ(M
2
ρ − ∂2)−1(λ1 + iλ2) + sK(M2K∗ − ∂2)−1(λ4 + iλ5)] ·
Tr {∂µΠλˆ†+} + c.c. (10.34)
into eqs. (8.1), (10.29). One finds
Lρ,K∗∆S = i
g2Wg
2χ40
4fM2W
Tr {[Π, ∂µΠ][cθ(M2ρ − ∂2)−1
λ1 + iλ2
2
+sθ(M
2
K∗ − ∂2)−1
λ4 + iλ5
2
]}Tr {∂µΠλˆ†+} + c.c (10.35)
We observe that in the approximation M2ρ − ∂2 = M2K∗ − ∂2 = M¯2ρ the cubic
vertex (10.35) is proportional to (10.33), with a relative factor 9x
14+5x
. In this
limit the total strangeness-violating contribution to the cubic vertex from
W, ρ and K∗ exchange
LW˜∆S = LW∆S + Lρ,K
∗
∆S = i
g2W f
2M2W
Lˆ∆S (10.36)
does not depend26 on x. From eq. (10.36) we can extract the contributions
to the on-shell cubic vertices
iΓ
(3)
(W˜ )
(K+ → π+π0) = −1
2
Γ
(3)
(W˜ )
(K0S → π+π−) =
g2Wf
8M2W
cθsθ(M
2
K −M2pi)
= 4.2 · 10−5 MeV
Γ
(3)
(W˜ )
(K0S → π0π0) = 0 (10.37)
We finally have to inlcude the contributions from scalar pseudoscalar
mixing and from nonleading 1PI vertices. As discussed in appendix B, the
interesting contribution can be parametrized as
∆L∆S = −i g
2
Wf
2M2W
zW Lˆ∆S (10.38)
with zW of order one. In consequence, this leads to the multiplication of the
W -exchange contribution (10.36) by a factor (1− zW ).
The partial decay width for K → ππ is given by
Γ(K → ππ) = FKpipi|Γ(3)(K → ππ)|2
FKpipi =
1
8π
|~ppi|
MK2
= 3.347 · 10−5 MeV−1 (10.39)
26Alternatively, the effective interactions LW˜∆S can be evaluated by first integrating out
the vector bosons V˜µ. The leading term follows from inserting convariant derivatives in
LU (5.24) and then integrating out the W˜ -bosons.
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with an additional factor 1/2 for two identical π0. One finds
Γ(K− → π−π0) = 5.92 · 10−14(1− zW )2 MeV (10.40)
For the reasonable value zW = 0.56 this is compatible with observation. The
same parameter zW also determines the ratio (for µ
2
W > 0)
Γ(K0S → π+π−)
Γ(K0S → 2π0)
= 2
(
1 +
0.84(1− zW )
3.71
)2
= 2.2 (10.41)
This is in perfect agreement with the observed value 2.19, reflecting the fact
that the kaon decays are governed by only two independent amplitudes.
The overall scales appearing in the kaon decays can be visualized eas-
ily from the effective vertex which obtains from “integrating out” the one-
particle reducible W -boson exchange
LW˜∆S =
g2W
8M2W
Tr{(φ†∂µφ− ∂µφ†φ)~τW}Tr{(φ†∂µφ− ∂µφ†φ)~τW}+ ... (10.42)
where the dots stand for terms involving χ. Comparison with the leading
invariant (10.4) shows that essentially µ2W is replaced by two powers of σ0
or χ0. The resulting relative suppression factor f
2/µ2W accounts for most of
the relative suppression of the ∆I = 3/2 amplitude. A smaller additional
suppression arises from the partial cancellation 1 − zW = 0.44. We observe
that the suppression is not visible on the level of chiral perturbation theory.
The invariant relevant for the ∆I = 3/2 decays
L∆I=3/2 = (1− zW )LW˜∆S =
(1− zW )g2Wf 4
32M2W
Tr{U †∂µU~τW}Tr{U †∂µU †~τW}
(10.43)
contains two derivatives just as the one (10.5) relevant for the ∆I = 1/2
decays.
In summary, the ∆I = 1/2 enhancement of the hadronic kaon decays
can be qualitatively explained by two ingredients. Since for the pseudoscalar
interactions only derivative terms are relevant, the leading dimensionless op-
erator consistent with the symmetries is quadratic in φ or χ. On the quark
level it corresponds to diagrams involving two left-handed quarks. These
penguin-type diagrams contribute only to ∆I = 1/2 decays. On the other
hand, the diagrams contributing to ∆I = 3/2 decays involve at least four
left-handed quarks. On the mesonic level they correspond to effective opera-
tors involving at least four powers of φ or χ. Such higher dimension operators
are suppressed according to the hypothesis of scalar Vervollsta¨ndigung. Op-
erators of this type can arise from one particle reducible W -boson exchange
or from box-type diagrams where the W -boson exchange is supplemented
by gluon exchange. An estimate of the direct W -exchange does not involve
unknown parameters and shows indeed a small ∆I = 3/2 amplitude. The
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box-type 1PI diagrams have the same structure as the W -exchange contri-
bution. Their negative relative sign is related to the sign of the appropriate
anomalous dimension of the relevant four-quark operator. The corresponding
factor (1 − zW ) leads to a partial cancellation of the ∆I = 3/2 amplitude.
This further reduces the decay width for the hadronic decays of the charged
kaons. The small parameter appearing in the relative suppression of the
∆i = 3/2 amplitude is the size of chiral symmetry breaking ∼ f divided by
a typical hadronic scale ∼ µW .
11 Diquark condensates
At high baryon density one expects quark pairs to condensate [9]. In particu-
lar, the color-flavor locking [10] at high density ressembles in several aspects
the spontaneous color symmetry breaking in the vacuum discussed in the
preceeding sections. In this section we reformulate the diquark condensation
in terms of effectice bosonic diquark fields ∆ ∼ ψψ. In contrast to the color
octet χ ∼ ψ¯ψ the diquark fields carry nonzero baryon number. If diquark
condensation occurs at high density, the global symmetry corresponding to
baryon number is spontaneously broken. There is therefore an order param-
eter which distinguishes the high density phase with < ∆ > 6= 0 from the low
density phase with < ∆ >= 0. This implies the existence of a true phase
transition.
In addition to the fields discussed previously we consider in this section
scalar fields with the transformation properties of quark-quark pairs. In
our notation, these additional scalar fields are represented by complex 3× 3
matrices ∆L,∆R obeying
δ∆L = −iΘTC∆L − i∆LΘL , δ∆R = −iΘTC∆R − i∆RΘR (11.1)
The “quark pairs” ∆L(R) ∼ ψL(R)ψL(R) belong to a color antitriplet and carry
baryon number 2/3. The discrete symmetries act as P : ∆L ↔ ∆R, C :
∆L ↔ ∆∗R. For an appropriate scaling of the fields, the most general effective
Lagrangian consistent with these symmetries and containing operators up to
dimension four is
L∆ = Tr{(∂µ∆†L − ig∆†LA∗µ)(∂µ∆L + igATµ∆L)
+(∂µ∆†R − ig∆†RA∗µ)(∂µ∆R + igATµ∆R}
+U∆(φ, χ,∆L,∆R)
+[h∆ Tr{∆†Lδ˜L +∆†Rδ˜R}+ c.c] (11.2)
Here the quark-quark bilinears (δ˜L)ia, (δ˜R)ia are defined as
(δ˜L,R)ia = (ψL,R)bjβc
βγ(ψL,R)ckγǫijkǫabc (11.3)
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They transform under all continuous symmetries precisely like (bosonic) an-
tiquarks (ψ†L)ia, (ψ
†
R)ia. (Here β, γ = 1, 2 are (Weyl-)spinor indices and
cβγ = ǫβγ is the appropriate charge conjugation matrix. Our conventions
[11] are chosen such that parity transforms δ˜L ↔ δ˜R.) One observes that ∆L
transforms as δL and similarly for ∆R and δR. The addition to the effective
potential
U∆ = V∆(∆L,∆R) + γφ Tr (φ
†∆†R∆L + φ∆
†
L∆R)
+γχ[(∆R)iaχij,ab(∆
†
L)bj + (∆L)iaχ
∗
jiba(∆
†
R)bj ]
+ǫ[(∆Lφ
†)iaχij,ab(∆
†
L)bj + (∆Rφ)iaχ
∗
jiba(∆
†
R)bj
+(∆L)iaχ
∗
jiba(φ∆
†
L)bj + (∆R)iaχijab(φ
†∆†R)bj ]
+... (11.4)
involves real parameters γφ, γχ, and ǫ. The dots stand for terms involving
∆,∆† and two powers of φ or two powers of χ. The additional potential U∆
conserves the axial U(1) symmetry. Electromagnetic and weak interactions
are implemented by inserting the appropriate covariant derivatives.
In order to visualize the physical content in this regime, it is convenient to
use nonlinear coordinates in field space, given by hermitean matrices DL, DR,
∆L = v
†DLW
†
L, ∆R = v
†DRW
†
R (11.5)
Both DL and DR are color singlets with the transformation properties
δDL = i[ΘP , DL], δDR = i[ΘP , DR] (11.6)
With respect to the local reparametrization symmetry and the physical global
SU(3)-symmetry DL and DR transform as singlets plus octets. A possible
expectation value of the singlets (proportional to the unit matrix)
< DL >=< DR >= δ0 (11.7)
also preserves parity and charge conjugation. For δ0 6= 0 baryon number is,
however, spontaneously broken. From
δem∆L,R = −iβ∆L,RQ˜ , δemDL,R = iβ[Q˜,DL,R] (11.8)
one infers that the electromagnetic U(1)-symmetry is modified in the Higgs
picture (similar to the octet condensate) whereas the electric charge of δ0 is
zero.
The diquarks ∆L,R carry baryon number B˜ = 2/3. From
∆†L∆L = WLD
2
LW
†
L , ∆
†
R∆R = WRD
2
RW
†
R (11.9)
and the fact that WL,R have B˜ = 0, one concludes that DL and DR cannot
carry nonzero B˜. The definition of the nonlinear fields (11.5) implies then
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directly that v† must have B˜ = 2/3 in accordance with the discussion in
sect. 6. In fact, up to reparametrization transformations the decomposition
of φ,∆L and ∆R into the nonlinear fields is unique, except of special points
in field space where some fields are not invertible or degenerate. For DL =
DR = δ, δ 6= 0 the association of v† = ∆LWL/δ with a diquark field is
particularly apparent.
For small ∆L = ∆R = δ = δ
∗ one may expand V∆ = m2∆ Tr{∆†L∆L +
∆†R∆R} such that U∆ = 12M2δ δ2 + ... with
M2δ = 12m
2
∆ + 12γφσ0 +
32√
6
γχχ0(1 + 2ǫσ0) + ... (11.10)
Typically, the masses and couplings will depend on the baryon chemical
potential µB. Baryon number conservation in the vacuum requires M
2
δ > 0
for µB = 0. In the spirit of the discussion in sect. 2 the couplings also
depend on the renormalization scale k. In particular, for large k (and µB = 0)
perturbative QCD should lead to a positive m∆ and one can neglect σ0 and
χ0. In presence of quarks the field equation for ∆L,R becomes then (for
q2 ≪ m2∆)
∆L,R = − h∆
m2∆
δ˜L,R (11.11)
This shows the connection between the composite fields ∆L,R and quark-
quark bilinears.
For k = 0 and large baryon density (large µB) one expects the min-
imum of U∆ to occur for δ0 6= 0. The particle content in the sectors of
pseudoscalars, vector mesons and fermions may again be obtained from a
non-linear representation by setting DL = DR = δ0 in eq. (11.5). As before,
the field v disappears from the effective action and only color singlets for
possible physical excitations remain. Inserting eq. (11.5) into eq. (11.2)
leads to expressions that are similar to sects. 4,5 in many respects. This
is not surprising – except for the spontaneous breaking of baryon symmetry
the symmetries are the same.
At this place we note that for δ0 6= 0 there are terms in the effective
potential linear in χ. They arise from the cubic term ∼ γχ or the quartic
term ∼ ǫ in eq. (11.4). As a consequence, no solution χ0 = 0 is possible for
δ0 6= 0 – the diquark condensation necessarily induces a color octet < ψ¯ψ >-
condensate! (In the limit where the nonlinear part of the effective potential
for χ0 is dominated by a quadratic term ∼ 12µ2χ(σ0, δ0)χ20, the expectation
value is given by χ0 = −16γχ(1 + 2ǫσ0)δ20/(
√
6µ2χ).)
In our scenario the octet condensate χ0 is therefore different from zero
both for small and large baryon density. The only qualitative change at high
density is the spontaneous breaking of baryon number by δ0 6= 0. A second-
or first-order phase transition line separates the low density phase with δ0 = 0
from the “quark matter” phase at high density. Due to the spontaneously
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broken abelian baryon number symmetry quark matter is a superfluid [10].
If the phase transition is of second order it belongs to the universality class of
the O(2)-Heisenberg model. It is plausible that the transition line to quark
matter could bifurcate from the line of first order transitions between a nu-
cleon gas and nuclear matter (nucleon liquid). (This latter transition line
ends in an endpoint with critical Ising behavior.) If so, there is no distinc-
tion between nuclear matter and quark matter at low enough temperature.
For T = 0 both nuclear and quark matter would be superfluids with sponta-
neously broken baryon number. They should be identified thus leading to a
further manifestation of quark-baryon duality.
12 Heavy quarks
In this short section we extend our description to the heavy quarks carrying
quantum numbers of charm, beauty and topness. These quarks are neutral
under the global SU(3)L × SU(3)R symmetry. With respect to the physical
SU(3)V symmetry they therefore transform as antitriplets. The physical
electric charge has a contribution from Qc similar to table 1. In consequence,
the charmed fermions carry electric charge 0, 1, 1. In complete analogy with
the discussion in sect. 6 they also carry integer baryon number. We identify
them with the charmed baryon antitriplet Ξ0c(2472 MeV, dsc), Ξ
+
c (2466 MeV,
usc) and Λ+c (2284 MeV, udc) where we have given the mass and the standard
quark content in brackets. In the nonlinear language the charmed baryons
consist of the c-quark and the nonlinear diquark field v† which carries the
quantum numbers of two light quarks. Similarly, the fermions with beauty
carry electric charge -1,0,0. They are identified with (dsb), (usb) and Λ0b
(5641 MeV, udb). The quantum numbers of the fermions with topness are
the same as the charmed baryons. The weak interactions follow from the
standard assignment into doublets with the appropriate Kobayashi-Maskawa
matrix.
The description of the charmed mesons needs the introduction of scalar
fields for the bilinears qc¯, q¯c, c¯c with q representing the three light quarks
(u, d, s). As for the light quark-antiquark pairs these scalars transform as
singlets or octets with respect to the color symmetry SU(3)C . From the
transformation properties with respect to SU(3)L × SU(3)R × SU(3)C we
can read the representations of the physical SU(3)V -group
(qc¯) : (3, 1, 8 + 1) −→ 3 + 3 + 6¯ + 15
(1, 3, 8 + 1) −→ 3 + 3 + 6¯ + 15
(cc¯) : (1, 1, 8 + 1) −→ 8 + 1 (12.1)
Only the singlet (cc¯) can acquire a vacuum expectation value consistent
with SU(3)V -symmetry. We also note that a direct Yukawa coupling of
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the charmed quark to φ or χ is not allowed by the chiral SU(3)L × SU(3)R
symmetry. The relation between current quark mass and baryon mass (or
constituent quark mass) may therefore differ between charmed quarks and
up, down, or strange quarks. In summary, the charmed particles do not
constitute an obstacle for the picture of spontaneous breaking of color. The
quantum numbers of the physical fields agree with those of observed particles.
The same holds for beauty and top.
13 Conclusion
We conclude that the “spontaneous breaking” of color is compatible with
observation. The simple effective action (2.6) gives a realistic approximate
description of the masses of all low-lying mesons and baryons and of their
interactions. Gluon-meson duality is associated to the well-known Higgs
phenomenon with colored composite scalar fields, corresponding to quark-
antiquark pairs.
The most important characteristics of our scenario can be summarized in
the following points.
(i) The Higgs mechanism generates a mass for the gluons. In the limit
of equal (current) masses for the three light quarks the masses of all gluons
are equal. This leads to a simple picture of confinement: If one places color
charges at different positions in the vacuum, the gauge fields cannot vanish.
Due to the nonzero mass of the gauge fields, the energetically most favor-
able configurations are color-magnetic and color-electric flux tubes. This is
in complete analogy with the Meissner effect in superconductors, with the
additional ingredient that the Yang-Mills self-interactions link color-electric
and color-magnetic fields. The string tension of the flux tubes provides for a
simple mechanism for the confinement of color charges. More precisely, these
statements hold only as long as string breaking due to quark-antiquark pairs
is energetically suppressed. One may attempt a computation of the string
tension appearing in the heavy quark potential by solving the field equations
derived from the effective action (2.6) in presence of static color charges.
(ii) The physical fermion fields are massive baryons with integer electric
charge. The low mass baryons form an octet with respect to the SU(3)-
symmetry group of the “eightfold way” In a gauge-invariant language the
baryons are quarks with a dressing of nonlinear fields. In a gauge-fixed version
quarks and baryons can be described by the same field. This is quark-baryon
duality. The main contribution to the mass of these baryons arises from
chiral symmetry breaking through quark-antiquark condensates in the color
singlet and octet channels. These considerations extend to the heavy quarks
c, b, t, except that the mass is now dominated by the current quark mass. The
lightest charmed baryons (and t-baryons) belong to a SU(3)-antitriplet with
electric charge 0,1,1. Correspondingly, the SU(3)-antitriplet of the lightest
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b-baryons carries electric charge -1,0,0.
(iii) Our scenario shares the properties of chiral symmetry breaking with
many other approaches to long-distance strong interactions. In particular,
chiral perturbation theory is recovered in the low energy limit. This guar-
antees the observed mass pattern for pions, kaons and the η-meson and the
structure of their (low momentum) interactions.
(iv) Spontaneous color symmetry breaking generates a nonlinear local
SU(3)P -reparametrization symmetry. The gauge bosons of this symmetry
originate from the gluons. They form the octet of low masses physical vector
mesons. (The singlet discussed in sect. 8 can be associated with the gauge
boson of the abelian U(1)P -symmetry and the ninth vector meson.) The
symmetry relations following from SU(3)P symmetry appear in the electro-
magnetic and strong interactions of the vector mesons. They are compatible
with observation and provide for a successful test of our scenario.
(v) The ∆I = 1/2 rule for the weak hadronic kaon decays arises naturally
once weak interactions are incorporated into our picture. It is a consequence
of the properties of the lowest dimension operators which are consistent with
the symmetries.
Beyond the important general symmetry relations arising from the nonlin-
ear local reparametrization symmetry the simple effective action (2.6) leads
to particular predictions. They are related to the assumption that the ef-
fective action can be described in leading order by effective couplings with
positive or zero mass dimension. This should hold once composite scalar
fields are introduced for quark-antiquark bilinears and counted according to
the canonical dimension for scalar fields. Expressed in other words we assume
that the dominant nonperturbative effects in QCD result in the formation of
scalar and pseudoscalar bound states and in large effective couplings. This
assumption of scalar Vervollsta¨ndigung can be tested by comparing the pre-
dictions of the effective action (2.6) with observation. For this purpose we
fix the parameters χ0, σ0 and g by Mρ, fpi and Γ(ρ→ e+e−). More precisely,
we use here eqs. (5.16), (5.17) (7.14) with Mρ= 850 MeV, f0= 128 MeV,
gργ = 0.12 GeV
2. (With g = 6 we may take the limit x → ∞ for many
expressions, keeping in mind that the precise value of x is needed mainly for
a determination of σ0.) In addition, the Yukawa couplings h, h˜ are fixed by
the baryon masses M8,M1 (cf. eq. (4.10)) whereas the strength of the chiral
anomaly ν and ν ′ determines M2η′ by eq. (5.19). (The precise ratio ν
′/ν
is not relevant here.) We concentrate on the following predictions of scalar
Vervollsta¨ndigung which are not dictated purely by symmetry considerations:
(1) The pion nucleon couplings are found as F = D = 0.5 to be compared
with the observed values F = 0.459± 0.008, D = 0.798± 0.008.
(2) The decay width Γ(ρ → 2π) = 115 MeV turns out to be somewhat
lower than the observed value of 150 MeV. (Note that we use here directly
eq. (8.2) and κf equals one in leading order, such that gρpipi = 4.6.)
(3) The direct coupling of the photon to pions is suppressed gγpipi/e = 0.04
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(by virtue of eq. (7.17) with Mρ → Mρ, fpi → f0). This phenomenon of
vector dominance describes well the observations.
(4) The effective next-to leading order couplings L1, L2, L3 of chiral per-
turbation theory come out compatible with observation. In particular, scalar
Vervollsta¨ndigung predicts L2 = 1.7 · 10−3, L3 = −(3.9 − 5.2) · 10−3.
(5) The inclusion of weak interactions leads to a suppression of the ∆I =
3/2 hadronic kaon decays compared to the ones with ∆I = 1/2. A real-
istic picture of the three hadronic kaon two-body decays is obtained. This
involves, however, two additional parameters.
For a first approximation we consider the effective action (2.6) as very
satisfactory. Corrections arise from two sources: (a) The nonvanishing quark
masses, in particular the strange quark mass, break the physical global
SU(3)-symmetry. (b) Higher order invariants are certainly present in the
full effective action. One important source relevant for the vector mesons
is discussed in appendix A. Some of the corrections are known phenomeno-
logically as, for example, the partial Higgs effect which reduces the average
meson decay constant from f0 to the mean value f = (fpi+2fK)/3=106 MeV.
Together with the further lowering of fpi as compared to f by SU(3)V viola-
tion this leads to a realistic value of Γ(ρ→ 2π). The neglected higher-order
invariants can be used to improve the agreement with observation. Typically,
these corrections are below 30 %.
Once the singlet vector meson Sµ is added (cf. eq. (8.7)) the effective
action (2.6) may be viewed as the lowest order of a twofold systematic ex-
pansion. First, higher (“non-renormalizable”) invariants involving additional
powers of φ or χ lead to corrections ∼ f 2/µ2s ≈ 0.1 − 0.3 with µs a typical
strong interaction scale. We have encountered this factor in hadronic weak
decays (µs=ˆµW ), the partial Higgs effects (5.11), (A.41) (µs=ˆµρ/eρpipi) or the
coupling between nucleons and the axial vector pion current gA − 1 ∼ yN
(9.2), (A.45) (µs=ˆµρ/
√
cρq¯qeρpipi). Second, the expansion in the number of
derivatives involves some characteristic squared momentum q2/M2s as a small
parameter. Typically Ms may be of the size of the mass of particles not
included in our description, i. e. Ms ≈ 1 GeV. A typical operator is
(Zψ/Ms)ψ¯i[γµ, γν]G
µν
ij ψj . This is responsible for the anomalous magnetic mo-
ment of the nucleons via the mixing between the photon and the gluon G˜µ
(see sects. 3,7). We observe a typical relation Ms/µs = cs with cs around
three a dimensionless coupling constant of the type eρpipi. Furthermore, the
expansion in SU(3) violating effects originating from the strange quark mass
is governed [15] by (fK−fpi)/f ≈ 0.2. This last expansion may remain within
the hypothesis of scalar Vervollsta¨ndigung.
The parameters of the model being fixed additional predictions become
possible. An example are the rare electromagnetic decays of mesons. Partic-
ularly interesting is the strangeness splitting of masses of the various SU(3)V -
muliplets. This involves, however, some additional parameters of the effective
scalar potential (2.8). On a phenomenological basis the SU(3)V -violation will
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apear in the form of different expectation values of φ and χ in the strange
and nonstrange directions.
The present framework opens new perspectives for a calculation of the
properties of hadronic matter at high temperature and density. Especially
for high density the issue of baryons vs. quarks plays a crucial role due to
the different Fermi surfaces [18]. Quark-baryon duality allows for a simple
approach to this problem by using only one field.
Quark-baryon duality has profound implications. The nonrelativistic
quark model where baryons are bound states of three quarks is now sup-
plemented by the view of baryons as “dressed quarks”. In a high energy
scattering process “physical quarks” will come out, but they will come out
with the quantum numbers and masses of baryons. In this sense, quarks
are not confined particles, despite the fact that color charges remain exactly
confined and cannot appear connected with free particles. When leaving the
interaction region, the physical particles (asymptotic states) acquire always
a dressing by (nonlinear) fields that makes them color neutral and integer
charged. (In precise formulations of quantum field theory this also happens
to electrons – the physical particles being neutral with respect to the elec-
tromagnetic gauge symmetry.) This view may have important consequences
for our picture of the parton model, both for structure functions at small Q2
and for fragmentation.
Let us finally address this perhaps most important open issue in our
approach, i.e. its connection to the parton model at high Q2 and to the non-
relativistic quark model which describes rather well the higher bound states.
In short, one has to understand the correspondence between quarks dressed
by a cloud of diquarks and bound states of three quarks. The effective action
(2.6) is thought to be valid at low momenta. Going to higher momenta, the
couplings become typically momentum-dependent. This also holds for the
definition of the nonlinear fields, e.g. Zψ → Zψ(−DµDµ) in eq. (4.1). Along
the lines of the discussion in sect. 2 the effective action at high momentum
(or, more precisely, large off-shell momentum) should be given by pertur-
bative QCD, with g the perturbative gauge coupling and Zψ(−D2) ≈ 1.
The scalar part of the effective action should express appropriate 1PI con-
tributions in the perturbative quark-gluon language. For high momentum
scattering the dominant effect of spontaneous color symmetry breaking is
then the mass term for the gluons which provides for an infrared cutoff. “In-
frared safe” quantities which can be reliably described by perturbative QCD
are not very sensitive to this mass.
In a momentum basis the nonlinear field decomposition (4.1) reads for
Zψ(−D2) = 1 (with ∫p = ∫ d4p(2pi)4 )
ψL(p˜) =
∫
p
∫
p′
WL(p˜− p− p′)NL(p)v(p′) (13.1)
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This may be inserted, for example, into the electromagnetic vertex
∼ e˜Tr{ψ¯(p˜+ q)γµQ˜ψ(p˜)}B˜µ(q). (13.2)
The scattering of an off-shell photon with momentum q and an off-shell quark
with momentum p˜ to an off-shell quark with momentum p˜ + q describes
the annihilation of an on-shell proton N with momentum p and simulta-
neous production of the fields contained in the “spectator jet” Y (p − p˜).
Here the spectators consist of the particles described by the nonlinear fields
Y ∼ W † ◦ v†, with ◦ denoting the appropriate algebra for the particular
combination relevant for the proton. The “parton” ψ(p˜) carries a (longi-
tudinal) fraction x = −q2/(2(pq)) ≈ (~˜p~p)/(~p2) of the spacelike momentum
of the proton. Similarly, the produced quark ψ(p˜ + q) “fragments” into the
hadrons X contained in its nonlinear decomposition (13.1). In a process with
high off-shell parton momenta final states involving many on-shell hadrons
become kinematically accessible . On a hadronic level, this corresponds to
inelastic multihadron production N + γ∗ → X + Y . If the parton structure
functions can be suitably implemented in this setting27 the conservation of
global quantum numbers should lead to the appropriate sum rules. A devia-
tion of Zψ from one modifies the composition of X and Y without effecting
the general setting.
Instead of the momentum dependence of the effective couplings one may
also investigate the related (but not identical!) dependence of the effective
action Γk on an appropriate infrared cutoff k (see sect. 2). The use of
nonperturbative flow equations [14] for Γk may hopefully permit to connect
perturbative QCD with the effective action Γ0 (2.6).
These last ideas are only sketches for further developments. The phe-
nomenological success of the simple low momentum effective action proposed
in this paper should motivate a serious investigation in these directions. We
hope that quark-baryon duality will permit further insights into the connec-
tion between the parton model and the QCD-vacuum.
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Appendix A: Four-quark interactions in the
color singlet vector channel
In this appendix we discuss the effects of four-quark interactions in the color
singlet vector and axial vector channels. As for the scalar and pseudoscalar
channels the effective action is described in a partially bosonized form. For
this purpose we introduce fields for the composite quark-antiquark bilinears
ρµL, ρ
µ
R which correspond to ψ¯iγ
µ(1± γ5)ψi.
Let us add to the effective action (2.6) a piece accounting for the four-
quark interactions in the vector channel. We express it in terms of effective
interactions28 for left-handed and right-handed vector fields ρµL, ρ
µ
R.
Lρ = Lρq¯q + Lρ2 + Lφ2ρ + Lφ2ρ2 + Lχ2ρ + Lχ2ρ2 + LρB (A.1)
Lρq¯q =
√
2Zψcρq¯qTr{ψ¯Lγµρ˜µLψL + ψ¯Rγµρ˜µRψR}
+
√
2
3
Zψc˜ρq¯q(Tr{ψ¯LγµψL}TrρµL + Tr{ψ¯RγµψR}TrρµR) (A.2)
Lρ2 =
[1
2
Tr{(DµρLν −DνρLµ)(DµρνL −DνρµL) (A.3)
+
1
αρ
Tr{(Dµρ˜µL)(Dν ρ˜νL)}+
1
3α′ρ
(∂µTrρ
µ
L)
2 + µ2ρTr{ρ˜Lµρ˜µL}+ (L↔ R)
]
+
1
6
µ2ATr{ρµL − ρµR}Tr{ρLµ − ρRµ}+
1
6
µ2VTr{ρµLµ + ρµR}Tr{ρLµ + ρRµ}
Lφ2ρ = i
√
2cρpipiTr{(Dµφ†φ− φ†Dµφ)ρ˜µL + (Dµφφ† − φDµφ†)ρ˜µR}
+i
√
2
3
c˜ρpipiTr{Dµφ†φ− φ†Dµφ}(TrρµL − TrρµR) (A.4)
Lφ2ρ2 = 2(c2ρpipi + f1)(Tr{φ†φρ˜µLρ˜Lµ}+ Tr{φφ†ρ˜µRρ˜Rµ})
−4(c2ρpipi + f2)Tr{φ†ρ˜µRφρ˜Lµ} −
4
3
f˜2(Tr{φ†φ} − 3σ20)TrρµRTrρLµ
+4f3(Tr{φ†φ} − 3σ20)Tr{ρ˜µLρ˜Lµ + ρ˜µRρ˜Rµ}
+
4
3
f˜3(Tr{φ†φ} − 3σ20)(TrρµLTrρLµ + TrρµRTrρRµ) (A.5)
Lχ2ρ = i
√
2eρpipi{[(Dµχ)∗ijabχijac − χ∗ijab(Dµχ)ijac](ρ˜µL)cb (A.6)
+[(Dµχ)ijabχ
∗
ijcb − χijab(Dµχ)∗ijcb](ρ˜µR)ca}
+i
√
2
3
e˜ρpipi[(Dµχ)
∗
ijabχijab − χ∗ijab(Dµχ)ijab](TrρµL − TrρµR)
28We follow here closely appendix B of ref. [15]. The normalization of the matrix-valued
fields ρµL,R used here differs by a a factor of two from [15].
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Lχ2ρ2 = e1[χ∗ijabχijac(ρ˜µL)cd(ρ˜Lµ)db + χijabχ∗ijcb(ρ˜µR)cd(ρ˜Rµ)da]
+e2χ
∗
ijab(ρ˜
µ
R)acχijcd(ρ˜Lµ)db
+
1
3
e˜2(χ
∗
ijabχijab −
4
3
χ20)Trρ
µ
RTrρLµ
+e3(χ
∗
ijabχijab −
4
3
χ20)Tr{ρ˜µLρ˜Lµ + ρ˜µRρ˜Rµ}
+
1
3
e˜3(χ
∗
ijabχijab −
4
3
χ20)(Trρ
µ
LTrρLµ + Trρ
µ
RTrρRµ) (A.7)
LρB = 1
6
eργγTr{∂µρLν − ∂νρLµ + ∂µρRν − ∂νρRµ}B˜µν (A.8)
Here we have defined
ρ˜µL,R = ρ
µ
L,R −
1
3
TrρµL,R =
1
2
ρ˜zµL,Rλz (A.9)
and the electromagnetic covariant derivatives read
Dµρ
ν
L,R = ∂µρ
ν
L,R − ie˜Bµ[Q˜, ρνL,R] (A.10)
Up to omitted terms involving three or four vector fields ρµL,R this is the most
general effective action with terms up to dimension four and consistent with
chiral, color, electromagnetic and discrete symmetries. The fields ρµL,R are
color-neutral and transform with respect to chiral SU(3)L×SU(3)R as octets
ρ˜µL,R and singlets Trρ
µ
L,R
δρLµ = i[ΘL, ρ
µ
L], δρ
µ
R = i[ΘR, ρ
µ
R] (A.11)
whereas the discrete transformations read
P : ρµL ↔ ρµR
C : ρµL → −(ρµR)T , ρµR → −(ρµL)T (A.12)
As discussed in sect. 2, the effective four-quark interactions in the vector
channel (as well as other multiquark interactions) can be recovered from
(A.1) by solving the field equations for ρµL and ρ
µ
R as functionals of ψ, φ and
χ. It is obvious that the reinsertion of this solution into the effective action
produces an addition to the effective action (2.6) for ψ, φ, χ and Aµ which
now also contains terms of dimensions larger than four. In this sense the
piece (A.1) can be interpreted as a suggestion for the most important higher
order operators not yet contained in eq. (2.6). In particular, the induced
effective four-quark interaction for low momenta reads
∆Lρ = −Z2ψ[τV Tr{ψ¯γµλzψ} Tr{ψ¯γµλzψ}
−τA Tr{ψ¯γµγ5λzψ} Tr{ψ¯γµγ5λzψ}]
−Z
2
ψc˜
2
ρq¯q
12µ2V
Tr{ψ¯γµψ} Tr{ψ¯γµψ}
−Z
2
ψc˜
2
ρq¯q
12µ2A
Tr{ψ¯γµγ5ψ} Tr{ψ¯γµγ5ψ} (A.13)
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with
τV =
c2ρq¯q
8M2V
, τA =
c2ρq¯q
8M2A
(A.14)
The first term contributes to the isospin triplet vector channel for the nucleon-
nucleon interactions (with MV and MA given below).
The effective interactions in (A.1) involve many new parameters. We
concentrate here only on the most important modifications as compared to
the effective action (2.6). First of all, the fields ρµL and ρ
µ
R contain vector
(rµV ) and axial vector (ρ
µ
A) degrees of freedom
rµV =
1√
2
(ρµR + ρ
µ
L), ρ
µ
A =
1√
2
(ρµR − ρµL) (A.15)
The squared mass for the axial vector octet obtains as
M2A = µ
2
ρ + 2σ
2
0(2c
2
ρpipi + f1 + f2) + (
2
9
e1 +
1
36
e2)χ
2
0 (A.16)
whereas the axial vector singlet mass term is given by µ2A. The vector field
rµV provides now for the missing singlet vector meson
Sµ =
√
2
3
Tr rµV (A.17)
with squared mass µ2V . We note that the axial vectors cannot mix with the
vectors because they have different parity. Also the singlets cannot mix with
the octets in the limit of an unbroken physical SU(3) symmetry. On the other
hand, the octet in rµV has the same transformation properties with respect to
the physical global symmetries as the gluons. One therefore expects a mixing
with the fields in V˜ µ.
For an investigation of the interactions with the pseudoscalar mesons we
introduce again nonlinear fields
T µL = W
†
Lρ
µ
LWL, T
µ
R = W
†
Rρ
µ
RWR (A.18)
and we replace eq. (A.15) by
rµV =
1√
2
(T µR + T
µ
L ), ρ
µ
A =
1√
2
(T µR − T µL ) (A.19)
These fields transform homogeneously as octets and singlets under the local
reparametrization symmetry
δT µL,R = i[ΘP , T
µ
L,R] (A.20)
and are neutral with respect to SU(3))L × SU(3)R × SU(3)C . They also
transform homogeneously with respect to the electromagnetic gauge symme-
try
δemr
µ
V = iβ[Q˜, r
µ
V ], δemρ
µ
A = iβ[Q˜, ρ
µ
A] (A.21)
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If we define
DˆµrV ν = ∂µrV ν − ieB˜µ[Q˜, rV ν ] + i[vˆµ, rV ν ] + i[aˆµ, ρAν ]
DˆµρAν = ∂µρAν − ieB˜µ[Q˜, ρAν ] + i[vˆµ, ρAν ] + i[aˆµ, rV ν ] (A.22)
aˆµ = − i
2
(W †RDµWR −W †LDµWL) (A.23)
the terms quadratic in ρ read
Lρ2 = 1
2
Tr{(DˆµrV ν − DˆνrV µ)(DˆµrνV − DˆνrµV )}
+
1
2
Tr{(DˆνρAν − DˆνρAµ)(DˆµρνA − DˆνρµA)}
+
1
αρ
Tr{(Dˆµr˜µV )2 + (Dˆµρ˜µA)2}
+
1
2α′ρ
[(∂µSAµ)
2 + (∂µSµ)
2]
+µ2ρ(Tr{r˜µV r˜V µ}+ Tr{ρ˜µAρ˜Aµ})
+
1
2
µ2AS
µ
ASAµ +
1
2
µ2V S
µSµ (A.24)
with
r˜µV = r
µ
V −
1
3
Tr rµV , ρ˜
µ
A = ρ
µ
A −
1
3
TrρµA, S
µ
A =
√
2
3
TrρµA (A.25)
The existence of an additional homogeneous vector field rµV allows us to
construct new invariants and leads to mixing. Indeed, the invariant for the
vector currents in (7.1) is now enlarged by a piece
LV V = χ20Tr{(vˆµ + gV˜µ − eB˜µQ˜)(vˆµ + gV˜ µ − eB˜µQ˜)}
+M2VTr{r˜V µr˜µV }+ 2νρTr{(vˆµ + gV˜µ − eB˜µQ˜)r˜µV } (A.26)
with
M2V = µ
2
ρ + 2σ
2
0(f1 − f2) + (
2
9
e1 − 1
36
e2)χ
2
0 (A.27)
The mixing term ∼ νρ arises from the covariant derivative in the cubic χ−
χ− ρ term (˜ˆaµ = aˆµ − 13Traˆµ)
Lχ2ρ = −2eρpipiχ20[Tr{(vˆµ + gV˜µ − eB˜µQ˜)r˜µV }+
7
9
Tr{˜ˆaµρ˜µA}] (A.28)
νρ = −eρpipiχ20 (A.29)
The low mass vector meson octet ρ˜µV and a heavy state H˜
µ
V
ρ˜µV = cos τ V˜
µ + sin τ r˜µV ,
H˜µV = cos τ r˜
µ
V − sin τ V˜µ (A.30)
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are the mass eigenstates with mass eigenvalues
M2ρ =
1
2
(g2χ20 +M
2
V −
√
(M2V − g2χ20)2 + 4g2ν2V ρ
M2H =
1
2
(g2χ20 +M
2
V +
√
(M2V − g2χ20)2 + 4g2ν2V ρ (A.31)
and mixing angle
tg(2τ) = − 2gνρ
M2V − g2χ20
(A.32)
For the interactions it is most convenient to eliminate r˜µV by its field
equation. In the local approximation, where the kinetic term for r˜µV is small
compared to the mass term (q2 ≪M2V ), one finds
r˜µV = −
νρ
M2V
(vˆµ + gV˜ µ − eB˜µQ˜) (A.33)
and therefore
LV V = (χ20 −
ν2ρ
M2V
)Tr{(vˆµ + gV˜µ − eB˜µQ˜)(vˆµ + gV˜ µ − eB˜µQ˜)} (A.34)
This is the same structure as (7.1), leading for the ρ− π-interaction (7.5) to
a =
1
f 2pi
(χ20 −
ν2ρ
MV 2
) (A.35)
hereby lowering the value of a as compared to (7.6). The kinetic term for
V˜ µ also obtains a contribution from the insertion of (A.33) such that the
ρ-mesons with a standard normalization correspond to
ρ˜µV =
(
1 +
g2ν2ρ
M4V
)−1/2
V˜ µ (A.36)
After a replacement of V˜ by ρ˜V this modifies (7.6) according to
gρ = g
(
1 +
g2ν2ρ
M4V
)1/2
(A.37)
As announced before the structure of the interactions between vector mesons,
pseudoscalar mesons and photons is dictated by the local U(3)P × U(1)em
symmetries. The low momentum limit is not modified by the inclusion of
additional interactions or degrees of freedom. In the following we work in
the approximation
ν2ρ ≪ χ20M2V , e2ρpipi ≪
M2V
χ20
(A.38)
such that the modifications of a and gρ can be neglected.
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Let us next turn to the contribution to the pseudoscalar kinetic term
(5.11) from the interaction ∼ Tr{ρ˜µA˜ˆaµ}. In addition to (A.28) such a term
is also induced by
Lφ2ρ = −8cρpipiσ20Tr{ρ˜µA˜ˆaµ} (A.39)
With the electromagnetically covariant axial vector current
aˆµ = aµ +
e
2
B˜µ(W
†
LQWL −W †RQWR)
= − i
2
W †RDµUWL =
i
2
W †LDµU
†WR
˜ˆaµ = aˆµ − 1
3
Traˆµ, Traˆµ = Traµ = −1
2
∂µθ (A.40)
the term linear in ρ˜µA is also linear in the pseudoscalar fields. It corresponds
to a mixing between the pseudoscalar in U and the pseudoscalar ∂µρ
µ
A (both
are 0−+ states). This so-called “partial Higgs effect” has been extensively
discussed in [15]. After elimination of the field ρµA by virtue of the field
equation it leads to an additional negative contribution to the pion decay
constant f . Indeed, for
LρA = M2ATr{ρ˜µAρ˜Aµ}+ 2αTr{ρ˜µAaˆµ} − cρq¯q Tr{N¯γµγ5ρ˜µAN}+ ...
α = −4σ20(cρpipi + xeρpipi) (A.41)
the insertion of the solution of the field equation
ρ˜µA = −
α
M2A
˜ˆa
µ
+
cρq¯q
4M2A
Tr{N¯γµγ5λzN}λz + ... (A.42)
yields the bosonic contribution
L(1)ρA = −
α2
M2A
Tr{˜ˆaµ˜ˆaµ}+ ... = − α
2
4M2A
Tr{DµU˜ †DµU˜}+ ... (A.43)
This constitutes the contribution ∆2f mentioned in sect. 5
∆2f
f 2
=
α2
M2Af
2
=
(cρpipi + xeρpipi)
2
(1 + x)2
f 2
κ4fM
2
A
≈ 0.45 (A.44)
Similarly, the contribution quadratic in the baryon fields reads
L(2)ρA = yN Tr{N¯γµγ5˜ˆa
µ
N}
yN =
αcρq¯q
M2A
≈ 0.45cρq¯qf
2
α
≈ −0.31 cρq¯q(1 + x)
cρpipi + xeρpipi
(A.45)
There are similar contributions from the elimination of the singlet axial vector
Tr aµ.
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We finally note that the insertion29 of eq. (A.42) into (A.24) introduces
a term (after partial integration)
Lρ2 = −2i α
M2A
Tr{(DµrνV −DνrµV )[aˆµ, aˆν ]}+ ...
= 2i
α
M2Af
2
Tr{∂2rνV T [Π, ∂νΠ]}+ ... (A.46)
with rνV T the transversal part of r
ν
V (∂
2 = ∂µ∂
µ)
rνV T = r
ν
V −
∂ν∂ρ
∂2
rρV (A.47)
Using (A.34), this replaces for the ρ→ 2π decay rate
gρpipi → gρpipi + νραg
M2Af
2
(A.48)
= gρpipi +
9
7
g
x
(1 + x)2
eρpipi(cρpipi + xeρpipi)f
2
M2Aκ
4
f
= gρpipi + 0.45
νρ
α
g = gρpipi + 0.58(1 +
cρpipi
xeρpipi
)−1g (A.49)
where we have employed the on-mass-shell condition (∂2 →M2V ). As a result,
the phenomenologically required value of gρpipi in eq. (7.8) could be smaller
than 6, and in consequence, the value of a required by eq. (7.10) could be
somewhat lower than 2.
We observe that after eliminating rµV by (A.33) the term (A.46) leads to
an invariant
I3 = Tr{(DµvνI −DνvµI )[aˆµ, aˆν ]}
vµI = vˆ
µ + gV˜ µ − eB˜µQ˜
DµvIν = ∂µvIν − ieB˜µ[Q˜, vIν ] + i[vˆµ, vIν] (A.50)
Since vµI and aˆ
µ transform homogeneously with respect to U(3)P × U(1)em
and (A.50) involves a fully covariant derivative, it is obvious that I3 adds a
new invariant structure to the terms contained in eq. (7.1). This invariant
influences the cubic and higher interactions but does not contribute to the
two-point functions. Concerning eq. (7.8), it does not affectM2ρ , gγρ and m
2
B,
whereas quantities like gρpipi or gγpipi receive corrections. One concludes that
the KSFR relation (7.9) is not a pure symmetry relation. Its validity also
requires that the effective action for ρ-mesons is dominated by the invariant
LV V (7.5). The observed success of the KSFR relation implies that correc-
tions from I3 must be small. This is the case for eρpipi ≪ cρpipi/x, implying
that the mixing between r˜µV and V˜
µ can indeed be neglected (cf. eq. (A.29)).
For processes not involving axial vectors we therefore retain from (A.1) only
Lρ2 (for the singlet vector meson), Lφ2ρ (for the partial Higgs effect) and
Lρq¯q (for the effective nucleon interactions in the vector channel (A.13). This
leads to the additional terms (8.7) displayed in sect. 8.
29The contributions from inserting corrections ∼ rV aˆ to (A.42) into (A.41) vanish.
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Appendix B
In this appendix we discuss invariants with SU(3)C × SU(2)L × U(1)Y local
and SU(3)R global symmetry beyond the ones mentioned in sect. 10. We
first turn to terms without derivatives. One may ask if local terms not
involving derivatives could generate a term involving only one strange meson
as, for example, the CP -even state K0L =
1√
2
(K0 + K¯0). Such terms would
contribute to the weak kaon decays. The answer is negative, as can be seen
by inserting into the infinitesimal transformation of Π up to linear order
δΠ =
f
2
(ΘR −ΘL) + i(ΘRΠ−ΠΘL) + 0(Π2) (B.1)
the appropriate global SU(2)R×U(1)R or local SU(2)L×U(1)Y transforma-
tions. In fact, the remaining symmetry is still powerful enough to forbid for
sθ = 0 any nonderivative terms involving the pseudoscalars π
±, π0, η,K0, K¯0.
Any nonderivative coupling must therefore involve an even number of charged
kaons of the form (K+K−)n. For sθ 6= 0 this is replaced by (cθK+ − sθπ+) ·
(cθK
− − sθπ−)n. On the other hand, strangeness-violating processes always
have to involve charged W±-bosons. In lowest order ∼ M−2W we can neglect
the exchange of Z0. The strangeness-violating short-distance four-quark in-
teractions have then a global SU(3)R flavor symmetry. This forbids also the
terms mentioned above. One infers that there are no strangeness-violating
non-derivative interactions in order M−2W . We conclude that we can omit all
additional non-derivative interactions for a discussion of the weak decays of
pseudoscalars.
We next turn to terms involving two derivatives and we restrict the dis-
cussion for simplicity to φ. It is straightforward to see that terms involving
only one trace and only one matrix λW lead to the same structure as (10.4)
since φ†φ = σ20 as far as the pseudoscalars are concerned. We therefore
omit such terms. The invariant involving four powers of φ and one factor of
λW is proportional Tr{φ†DµφλW}Tr{φ†Dµφ} and does not contribute to the
hadronic kaon decays into two pions. This is obvious by expanding for ϑ = 0
φ†Dµφ = σ20U˜
†∂µU˜ =
2σ20
f
(i∂µΠ+
1
f
[∂µΠ,Π]) + ... (B.2)
A relevant invariant reads
L(4)W,φ = −
zφW g
2
W
8M2W
Tr{(φ†Dµφ−Dµφ†φ)~τW}Tr{(φ†Dµφ−Dµφ†φ)~τW} (B.3)
with
τW1 = cθτ1 + sθλ4 , τW2 = cθτ2 + sθλ5 , τW3 = τ3 (B.4)
Here the fact that τW3 is not rotated is related to the absence of flavor-
changing neutral currents. (The rotation of the type (10.2) has to be realized
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by a four by four matrix including the charm quark.) Up to a factor −zφW
the invariant (B.3) has precisely the same structure as the one generated
from one-particle reducible W -exchange by inserting the field equation for
W as a functional of φ. This is no surprise since the underlying structure on
the quark level corresponds to box-type diagrams where the exchange of a
W -boson is supplemented by gluon exchange. A similar argument holds for
operators involving χ. The effects of the weak mixing between scalars and
pseudoscalars may also be represented by effective higher-order operators of
the type (B.3) which obtain after elimination of the scalar fields via their
field equation. We include all these effects30 by multiplying the W -boson
exchange contribution (10.36) by a factor (1− zW ). The relative minus sign
(zW > 0) reflects the negative sign of the corresponding anomalous dimension
in perturbation theory.
Strangeness-violating local interactions can also appear on the level of
the Yukawa couplings between quarks and mesons
Lβ = Zψψ¯Ri
(
g2Wβ
2
Wh
4M2W
φδij +
g2W β˜
2
W h˜
4M2W
χij
)
λWψLj + h.c. (B.5)
The interaction (B.5) is the only dimensionless invariant contributing to
strangeness-violating baryon interactions. According to the hypothesis of
scalar Vervollsta¨ndigung it should dominate the hyperon decays. It has to
be supplemented by strangeness-violating mixings of the pseudoscalars dis-
cussed in appendix C.
We recall that we work in a basis where both the kinetic and the mass
term for the quarks conserve strangeness. This imposes constraints on the
effective strangeness-violating couplings. As discussed in sect. 2, we can
recover the multi-quark interactions by inserting the solutions of the field
equations for φ and χ as functionals of ψ¯ψ. The terms (10.3), (10.4), (B.5)
result in a shift of the solution φ[ψ] = φ0[ψ] + δφ[ψ]. For large enough k this
reads approximately
δφab =
g2W
4M2W
(m2φ − ∂2)−1[Zψβ2Whψ¯L,ic(λW )cbψR,ai − (µ˜4W − µ2W∂2)(φ0λW )ab]
(B.6)
with
(φ0)ab = Zψh(m
2
φ − ∂2)−1ψ¯LibψRai +
1
2
Z
−1/2
φ jab (B.7)
Insertion in the effective action (including the source term (2.9)) leads to a
strangeness-conserving quark mass term only for β2W = µ˜
4
Wm
−2
φ . A similar,
but more complicated relation exists between the strangeness violation in the
effective potential for φ, χ and the strangeness violation in the Yukawa-type
couplings.
30There are also contributions to the ∆I = 1/2 amplitude which may be absorbed by a
small change in µW .
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The insertion of (B.6) in the effective action leads to four-quark interac-
tions involving two left-handed and two right-handed quarks. Assume that
µ˜W (k = 0) can be related to µ˜W (k) at a typical transition scale around 1
GeV by following the renormalization group flow of the effective action. It
can then be matched to the perturbatively (RG-improved) computed value
of the corresponding four-quark interaction. Since a tree exchange of W -
bosons always involves at least four left-handed fermions, it is obvious that
the four-quark interaction of interest can only be generated by a W -boson
loop, as appropriate for a one-particle irreducible contribution. We will not
pursue this road for a computation of the effective couplings µW , µ˜W etc. in
the present work.
Appendix C: K0L −K0S-mass difference
For the discussion of the mass difference between K0S and K
0
L one needs the
one-particle irreducible ∆S = 2 contributions in order M−4W
L(∆S=2)µ =
g4Wµ
2
W,2
16M4W
(η1 Tr{φ†DµφλWφ†DµφλW}
+η2Tr{φ†DµφλW}Tr{φ†DµφλW}) + ... (C.1)
Here the dots stand for terms involving χ. This effective interaction cor-
responds to an eight-quark interaction. It is related to a vertex with four
left-handed quarks (e.g. box diagrams with exchange of two W -boson lines)
by supplementing the four right-handed quarks needed to form scalars. For
the kinetic term of the pseudoscalar mesons it reduces to
L(∆S=2)µ =
3
16
A2Wµ
2
W,2 [η1Tr{∂µUλ6∂µUλ6}
+η2Tr{∂µUλ6}Tr{∂µUλ6}] + ... (C.2)
This induces a difference in the wave function renormalization for K0L and
K0S
Lkin = ZL
2
∂µK0L∂µK
0
L +
ZS
2
∂µK0S∂µK
0
S + ...
ZL − ZS = −3
2
A2Wµ
2
W,2
f 2
η¯
η¯ = η1 + η2 + ... (C.3)
where the dots in η¯ stand again for contributions from invariants involving
the octet χ. We normalize µ2W2 such that η¯ = 1. Using a normalization with
ZS = 1, MKS =MK , one has MKL =MKZ
−1/2
L or
(MKL −MKS)d =
3
4
A2Wµ
2
W2MK
f 2
= 0.59 · 10−12 MeV
(
µ2W
f 2
)
(C.4)
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to be compared with the observed value
MKL −MKS = 3.522 · 10−12 MeV (C.5)
The index d in eq. (C.4) indicates that this is only the direct contribution
from the 1PI effective vertices. A further contribution arises from mixing
effects of the pseudoscalar mesons in first order in ∆S. In fact, due to weak
interaction effects the fields in eq. (5.27) have small off-diagonal corrections
in their propagators. Expanding LµU (10.5) in second order in Π, θ, one finds
L(2)µU = 2AW gˆ8[Tr{∂µΠ∂µΠλ6} −
f
3
1 + δWx
1 + 5δWx/14
∂µθ Tr{∂µΠλ6}]
= AW gˆ8[∂
µK˜+∂µπ˜
− + ∂µπ˜+∂µK˜− − ∂µπ˜0∂µK˜0L −
1√
3
∂µη˜∂µK˜
0
L]
−g˜8∂µη˜′∂µK˜0L
gˆ8 =
14 + 5δWx
14− 4δWxg8 , g˜8 =
2f
3Hη′
1 + δWx
1− 2δWx/7g8 (C.6)
Here we use a tilde for the fields appearing in eq. (5.27) which correspond to
the basis where the quark mass term (2.9) is diagonal. The physical meson
fields π0, K0L,S, η, η
′ and π±, K± obtain after diagonalization of the inverse
propagator. The total quadratic term for the neutral mesons reads
L0(2) =
1
2
(∂µπ˜0∂µπ˜0 + ∂
µη˜∂µη˜ + ∂
µη˜ ′∂µη˜ ′ + ∂µK˜0L∂µK˜
0
L + ∂
µK˜0S∂µK˜
0
S)
−AW gˆ8(∂µπ˜0∂µK˜0L +
1√
3
∂µη˜∂µK˜
0
L)−AW g˜8∂µη˜ ′∂µK˜0L (C.7)
+
1
2
(M2pi(π˜
0)2 +M2η η˜
2 +M2η′ η˜
′2 +M2K [(K˜
0
L)
2 + (K˜0S)
2])
and the “physical fields” are given by
π˜0 = π0 +
M2K
M2K −M2pi
AW gˆ8K
0
L
η˜ = η − M
2
K
M2η −M2K
AW gˆ8√
3
K0L
η˜ ′ = η′ − M
2
K
M2η′ −M2K
AW g˜8K
0
L
K˜0L = K
0
L −
M2pi
M2K −M2pi
AW gˆ8π
0 +
M2η
M2η −M2K
AW gˆ8√
3
η +
M2η′
M2η′ −M2K
AW g˜8η
′
K˜0S = K
0
S (C.8)
In terms of the physical fields the relevant contributions to L0(2) read
L0(2) =
1
2
(∂µπ0∂µπ
0 + ∂µη∂µη + ∂
µη′∂µη′ + ∂µK0S∂µK
0
S (C.9)
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+(1 + A2WQZ)∂
µK0L∂µK
0
L)
+
1
2
(M2pi(π
0)2 +M2η η
2 +M2η′η
′2 +M2K(K
0
S)
2 +M2K(1 + A
2
WQM)(K
0
L)
2)
where we note the difference in the kinetic and mass terms between K0S and
K0L, with
QZ = −M
2
K(M
2
K − 2M2pi)gˆ28
(M2K −M2pi)2
+
1
3
M2K(2M
2
η −M2K)gˆ28
(M2η −M2K)2
+
M2K(2M
2
η′ −M2K)g˜28
(M2η′ −M2K)2
(C.10)
QM =
M2KM
2
pi gˆ
2
8
(M2K −M2pi)2
+
1
3
M2KM
2
η gˆ
2
8
(M2η −M2K)2
+
M2KM
2
η′ g˜
2
8
(M2η′ −M2K)2
(C.11)
In consequence, the renormalized masses for K0L, K
0
S read without the
1PI-irreducible contribution (C.3)
M2KL = M
2
K
(
1 + A2WQM
1 + A2WQZ
)
, M2KS = M
2
K (C.12)
This corresponds to a contribution of the mixing effect to the mass difference
∆(MKL −MKS) =
A2WMK
2
(QM −QZ)
=
A2WMK
2
(
M2K gˆ
2
8
M2K −M2pi
− 1
3
M2K gˆ
2
8
M2η −M2K
− M
2
K g˜
2
8
M2η′ −M2K
)
= −A
2
WMK
2
(0.465gˆ28 + g˜
2
8) (C.13)
Summing (C.4) and (C.13) we obtain
MKL −MKS
(MKL −MKS)obs
= 0.17
(
µ2W2
f 2
− 0.31gˆ28 −
2
3
g˜28
)
(C.14)
With typical values gˆ8 ≈ 1.5 (cf. eq. (10.28)), and g˜8 ≈ 1 this would imply
µW2 ≈ 300 MeV. This is of the order of the expected characteristic mass
scale.
We complete this appendix by a discussion of the effective mixing between
K± and π±. The relevant contribution of W˜ -exchange to the pseudoscalar
kinetic term is given by the square of the term linear in ∂µΠ in eq. (10.29)
∆L(W )kin = −M2W (W+µ )(1)(W−µ)(1)
= −g
2
W f
2
2M2W
Tr{∂µΠλˆ†+}Tr{∂µΠλˆ+}
= −g
2
W f
2
4M2W
∂µ(cθπ˜
+ + sθK˜
+)∂µ(cθπ˜
− + sθK˜−) (C.15)
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This has to be combined with similar terms in eq. (C.6). Here we use
again K˜±, π˜± for the fields appearing in eq. (5.27) which correspond to the
basis where the quark mass term (2.9) is diagonal. In presence of weak
interactions the fields K˜±, π˜± have to be related to the fields K±, π± for the
physical pseudoscalar mesons. The latter have diagonal propagators. If we
only consider effects linear in GF , the relevant bilinear
LKpi(2) = ∂µπ˜+∂µπ˜− + ∂µK˜+∂µK˜− +M2pi π˜+π˜− +M2KK˜+K˜−
+AW (gˆ8 − 1)(∂µK˜+∂µπ˜− + ∂µπ˜+∂µK˜−) (C.16)
is diagonalized by
π˜+ = π+− MK2
MK2 −Mpi2AW (gˆ8−1)K
+ , K˜+ = K++
Mpi2
MK2 −Mpi2AW (gˆ8−1)π
+
(C.17)
such that
LKpi(2) = ∂µπ+∂µπ− + ∂µK+∂µK− +M2piπ+π− +M2KK+K− (C.18)
This mixing effect is not relevant for the hadronic kaon two-body decays
since there are no cubic vertices involving only pseudoscalars in the absence
of weak interactions. It contributes, however, to the decay of K0L into three
pions. Furthermore, it leads to an additional contribution to the strangeness-
violating vertices between baryons and pseudoscalars.
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